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Kurzzusammenfassung
Die elastishe Photoproduktion von J= Vektormesonen wird bei hohen Werten der
Photon-Proton-Shwerpunktsenergie 135GeV < W
p
< 305GeV untersuht. Der
elastishe Photoproduktionswirkungsquershnitt (W
p
) wird als Funktion von W
p
gemessen. Der dierentielle Wirkungsquershnitt
d
dt
wird im Bereih jtj  1:2GeV
2
= 
2
bestimmt. Diese Analyse weitet den Bereih von H1-Messungen bis zu den hohsten
Werten von W
p
nahe an der kinematishen Grenze, die durh die Beshleunigerpa-
rameter festgelegt ist, von  318GeV aus.
Die Daten fur zwei vershiedene Ereignistopologien wurden mit dem H1-Detektor am
ep-Speiherring HERA in den Jahren 1999 und 2000 genommen. Die analysierten
Daten entsprehen einer integrierten Luminositat von 30:26 pb
 1
und 26:90 pb
 1
fur
die zwei Ereignisklassen. Der Neuronale-Netzwerk-Trigger auf Triggerstufe 2 und der
rukwartige Siliziumspurdetektor sind wihtige Detektorkomponenten des H1-Experi-
ments, die diese Analyse ermoglihen.
Aus der W
p
Abhangigkeit des Wirkungsquershnittes (W
p
) / W
p
Æ
wird der Pa-
rameter Æ = 1:17  0:11  0:16 aus den Resultaten dieser Analyse bei hohem W
p
bestimmt und Æ = 0:76  0:03  0:04 unter zusatzliher Verwendung von Daten aus
dem ganzen, H1 zuganglihem W
p
-Bereih. Der exponentielle Steigungsparameter
b des dierentiellen Wirkungsquershnittes
d
dt
/ e
 bjtj
wird im Bereih hoher Werte
von W
p
gemessen: b(hW
p
i = 180:6GeV) = (5:1  0:3  0:2)GeV
 2

2
, b(hW
p
i =
250:7GeV) = (5:4  0:4  0:2)GeV
 2

2
. Der Ahsenabshnitt 
0
und der Stei-
gungsparameter 
0
einer eektiven Pomerontrajektorie werden bestimmt. Die W
p
-
Abhangigkeit des Steigungsparameters b fuhrt zu 
0
b
= (0:17 0:04  0:01)GeV
 2

2
.
Die W
p
-Abhangigkeit des dierentiellen Wirkungsquershnittes
d
dt
liefert beide Pa-
rameter: 
0
= 1:21  0:01 0:01 und 
0
= (0:14 0:03 0:03)GeV
 2

2
. Die beiden
Steigungsparameter 
0
b
und 
0
sind im Rahmen der Fehler miteinander vertraglih.
Untershiedlihe theoretishe Vorhersagen werden mit den Daten verglihen. Das Ein-
Pomeron-Modell basierend auf der Reggetheorie beshreibt niht den starken Anstieg
des Wirkungsquershnittes (W
p
) als Funktion von W
p
. Das Zwei-Pomeron-Modell
beshreibt dieW
p
-Abhangikeit des Wirkungsquershnittes (W
p
) innerhalb der kine-
matishen Bereihs von HERA. Es ist aber niht fahig die kombinierten Resultate von
HERA und "xed-target"-Experimenten bei niedrigen Werten vonW
p
zu beshreiben.
Vorhersagen der QCD werden mit dem gemessenen Wirkungsquershnitt (W
p
) ver-
glihen. Die Vorhersagen verwenden vershiedene Parametrisierungen der Gluonver-
teilung im Proton und zeigen eine starke Abhangigkeit von der verwendeten Gluon-
verteilung, da diese quadratish in den Wirkungsquershnitt eingeht. Der Vergleih der
Vorhersagen mit den gemessenen Werten des Wirkungsquershnittes (W
p
) ist daher
ein sensitiver Test fur die verwendeten Gluonverteilungen, die indirekt aus inklusiven
Messungen bestimmt werden. Wahrend einige dieser Analysen Gluonverteilungen bes-
timmen, die mit den hier vorgestellten J= -Messungen vertraglih sind, konnen einige
andere gemessene Gluonverteilungen ausgeshlossen werden.
Abstrat
The elasti photoprodution of J= vetor mesons at large values of the photon-proton
entre-of-mass energy 135GeV < W
p
< 305GeV is studied. The elasti photopro-
dution ross setion (W
p
) is measured as a funtion of W
p
. The dierential ross
setion
d
dt
is determined in the range jtj  1:2GeV
2
= 
2
. This analysis extends the
measurements of (W
p
) and
d
dt
using H1 data up to highest W
p
near the kinemati
limit given by the parameters of the aelerator of  318GeV.
Data for two dierent event topologies were olleted with the H1 detetor at the ep-
ollider HERA during the years 1999 and 2000 resulting in an integrated luminosity of
30:26 pb
 1
and 26:90 pb
 1
for the analysed data. The level 2 neural network trigger
and the bakward silion traker are important omponents of the H1 experiment whih
make this analysis possible.
From the W
p
dependene of the elasti ross setion (W
p
) / W
p
Æ
the parameter
Æ is extrated to be Æ = 1:17  0:11  0:16 for the high W
p
results of this analysis
alone and Æ = 0:76 0:03 0:04 inluding data of the omplete kinemati range of the
H1 experiment. The exponential slope b of the dierential ross setion
d
dt
/ e
 bjtj
is
determined in the highW
p
regime: b(hW
p
i = 180:6GeV) = (5:10:30:2)GeV
 2

2
,
b(hW
p
i = 250:7GeV) = (5:40:40:2)GeV
 2

2
. The interept 
0
and slope 
0
of an
eetive pomeron trajetory are determined. The W
p
dependene of the b-slope gives

0
b
= (0:170:040:01)GeV
 2

2
. TheW
p
dependene of the dierential ross setion
d
dt
yields both parameters: 
0
= 1:210:010:01 and 
0
= (0:140:030:03)GeV
 2

2
.
The two determined slope parameters 
0
b
and 
0
are ompatible within errors.
Dierent theoretial approahes are ompared to the data. The single pomeron model
based on Regge theory does not desribe the strong rise of (W
p
) as a funtion of
W
p
. The two pomeron model is able to desribe the W
p
dependene of the ross
setion (W
p
) within the kinemati regime of HERA, but is not able to desribe the
ombined results of HERA and of xed target experiments at low values of W
p
.
QCD preditions using dierent parameterisations of the gluon distribution in the
proton are also ompared to the measured ross setion (W
p
). The preditions show
a strong dependene on the gluon distribution, sine the gluon distribution enters the
ross setion quadratially. The omparison to the measured ross setion (W
p
)
is therefore a sensitive test for the gluon distributions, whih are determined in an
indiret way from inlusive measurements. While some of these analyses result in
gluon distributions onsistent with the J= measurements presented here, others an
denitely be exluded.
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Introdution
The searh for the fundamental building bloks of matter and the investigation of
their properties and of the interations between them are the main tasks of elementary
partile physis. Our present knowledge is reeted in the standard model of eletro-
weak and strong interations. The fundamental building bloks of matter are two types
of spin
1
2
fermions
1
: leptons and quarks. Leptons are only sensitive to the eletro-weak
interation, while quarks in addition also interat strongly. Leptons and quarks an be
desribed as three families of doublets with inreasing mass. In the lepton setor the
pairs are eletron and eletron neutrino (e; 
e
), muon and muon neutrino (; 

), tau
and tau neutrino (; 

). The three families of quarks are the up and down (u; d), the
strange and harm (s; ) and the bottom and top quarks
2
(b; t).
Interations are desribed in the framework of gauge theories, in whih the three types
of fores, eletromagneti, weak and strong are mediated by the exhange of integer
spin gauge bosons. The exhange boson for the eletromagneti interation is the
photon (). The weak interation is mediated by the exhange of the heavy gauge
bosons (Z
0
;W
+
;W
 
). The eletromagneti and weak interations are united through
their gauge groups into the eletroweak theory. The gluons are exhanged in the strong
interation, whih is desribed by quantum hromo dynamis QCD. Gravitation is not
yet fully formulated as a quantum eld theory and is therefore not inluded in the
standard model. Also, gravitation is far too weak to have a notieable inuene on
interations of elementary partiles.
The gauge bosons ouple to a harge whih is harateristi for the interation. The
eletromagneti interation is assoiated with the eletri harge, whih is arried by the
harged leptons e,  and  and all quarks. The weak harge is arried by all leptons
and quarks. The olour harge ( 2 fr = red; g = green; b = blueg) of the strong
interation is arried by quarks, not by leptons. Conerning the exhanged bosons, the
photon does not arry the eletri harge, while bosons of the weak interation arry
the weak harge and the gluons arry the olour harge as a (
1
; 
2
) olour-antiolour
pair.
Quarks are onstituents of hadrons. Requiring olourless hadrons the quark-antiquark
struture of mesons and the quark-quark-quark struture of baryons an be explained
[1℄. All stable matter is built from the lightest family: e, u, d.
1
In this work natural units are used: ~ =  = 1.
2
Alternative names for bottom and top quarks are beauty and truth; truth has however beome
unfashionable.
1
2 Introdution
Of speial interest for this thesis are mesons with the quantum numbers of the photon
3
(J
PC
= 1
  
). Due to their spin-parity they transform like vetors and therefore are
alled vetor mesons (, !, , J= , ). The lightest  vetor meson is alled J= 
and has a mass m
J= 
= (3:09688 0:00004)GeV. The eletromagneti deay J= !
e
+
e
 
has a signiant branhing ratio of about 5% and provides a lear experimental
signature.
Sattering experiments are a ruial tool to investigate fundamental physis proesses.
Analysing the outgoing partiles reveals the struture of the interation. The pos-
sible spatial resolution is limited by the available energy in the sattering proess.
At the "Hadron-Elektron-Ring-Anlage" (HERA) [2℄ at the "Deutshes Elektronen-
Synhroton" (DESY) [3℄ eletrons
4
with an energy of 27:5GeV are brought to olli-
sion with protons of an energy of 920GeV. This results in a entre-of-mass energy
of 318GeV and therefore in a spatial resolution of less than 10
 18
m, whih is more
than 3 orders of magnitude less than the harge radius of the proton (0:845  0:05) 
10
 15
m [4℄. This enables HERA to ontribute signiantly to the understanding of
the struture of the proton and of the strong interation.
The eletron beam an be viewed as a soure of high energy virtual photons, whih
interat with the proton. The four-momentum squared Q
2
of the photon is a measure
for its virtuality. At Q
2
 0GeV
2
the photon is quasi-real and the proess is alled
photoprodution, while for non-vanishing Q
2
the proess is alled eletroprodution.
Sine vetor mesons have the same quantum numbers as the photon, the photon an
utuate into a vetor meson, whih then satters o the proton. If in this sattering
proess only momentum and angular momentum are transferred, the proess is alled
dirative. In elasti sattering the proton stays intat (proton-elasti) and the vetor
meson prodution is alled exlusive, sine no other partiles are produed. In proton-
dissoiative sattering the proton dissoiates into a hadroni nal state.
There are two dierent theoretial approahes to desribe the exlusive vetor meson
photoprodution. On one hand there is a phenomenologial ansatz, whih is based on
Regge theory [5℄. In this ansatz the interation is mediated at high energies by the
exhange of a olourless objet, whih is alled pomeron. On the other hand there are
preditions from perturbative QCD (pQCD) [6, 7, 8, 9, 10℄ where a olourless system
of gluons mediates the interation.
Previous measurements at HERA show that the total photoprodution ross setion
for the light vetor mesons  and ! are slowly rising with inreasing photon-proton
entre-of-mass energy W
p
. This is quantitatively predited by Regge theory [11, 12℄.
But the total ross setion of the photoprodution of the heavier J= vetor meson
rises muh more steeply with inreasing W
p
than predited in Regge theory [13, 14℄.
The total ross setions for the light vetor mesons  and  also rise steeply at higher
3
J
PC
: J = L + S, L=angular momentum, S=spin, P=parity (spae inversion), C=partile-
antipartile onjugation
4
In dierent running periods HERA is using eletrons or positrons. Sine the physis proess
studied in this analysis does not depend on the harge of the lepton, the nomenlature eletron is used
for eletron and positron.
Introdution 3
values of Q
2
[15, 16℄
5
. These measurements suggest, that there is a transition from a
("soft") region where Regge theory is valid to a ("hard") region where pQCD may be
applied. This transition is governed by two sales: the mass squared m
2
V
of the vetor
meson and the virtuality Q
2
of the exhanged photon.
In the pQCD piture the interation of the J= vetor meson with the proton is medi-
ated by the exhange of two gluons or, more generally, a gluon ladder. The strong rise of
the proton struture funtion F
2
[17, 18℄ towards low values of the Bjorken variable
6
x
B
an be interpreted as a dramati inrease of the gluon density within the proton to-
wards low values of x
B
. Low x
B
is kinematially onneted to high W
p
. Therefore in
pQCD the strong rise of the J= ross setion at high values of W
p
an be related to
the strong rise of F
2
and the gluon density. Due to the exhange of two gluons, the
ross setion for exlusive vetor meson photoprodution depends quadratially on the
gluon density.
The behaviour of the J= ross setion led to an extension of the pomeron piture.
Using J= measurements at HERA an additional "hard" pomeron was phenomeno-
logially introdued through a t to the data [19℄. Taking both pomerons | the old
"soft" and the new "hard" pomeron | the steep rise of the total ross setion of J= 
photoprodution an be desribed. In the double-logarithmi presentation of the ross
setion vs. W
p
the two-pomeron model always predits a "onave" shape, while
pQCD predits "onvex" or "onave" shapes, depending on the gluon density used
for the alulations.
Beyond the total ross setion the analysis presented here also extrats dierential
ross setions to ompare the dierent theoretial preditions. Dirative high energy
sattering proesses show analogies to optial diration. In optial diration the
width of the forward interferene maximum is shrinking with inreasing energy of the
inoming light. Taking the four-momentum transfer squared t of the proton in analogy
to the sattering angle in optial diration the jtj-dependene of the dierential ross
setion
d
dt
at small jtj is investigated. Regge theory with the exhange of one pomeron
predits an inrease of the slope of
d
dt
with rising W
p
(shrinkage), while Regge theory
inluding the hard pomeron predits less shrinkage.
The aim of this analysis is to inrease the preision of the measurement of the elas-
ti photoprodution ross setion (W
p
) in the high W
p
regime and to extend the
measurement up to almost the kinemati limit of HERA. This analysis provides rst
measurements of the dierential ross setion
d
dt
in the high W
p
regime using H1
data. The new measurements in the range of 135GeV < W
p
< 305GeV together
with previous measurements at lower values of W
p
allow a omparison of the dif-
ferent theoretial preditions with the data over the full W
p
range aessible to H1
( 30GeV < W
p
< 305GeV).
For this thesis data are used whih were taken with the H1 experiment in the years 1999
and 2000. Important speial features of the H1 experiment, that make the analysis pos-
sible, are the bakward silion traker (BST) and the Level-2-Neural-Network-Trigger
(L2NN).
5
The Q
2
dependene for ! prodution is not measured yet.
6
x
B
is the momentum fration of the sattered parton in the proton.
4 Introdution
In the kinemati region of W
p
important for this analysis one or both of the deay
eletrons of the J= are deteted in the bakward region of the H1 detetor. As the
bakward region is not overed by the entral traking hambers, the basi signature
of a bakward eletron in the bakward region is an energy luster. Eletrons in the
entral region are deteted by traks in the entral traking hambers. In this analysis
two dierent event topologies are used: a "trak-luster" and a "luster-luster" sample,
overing the high W
p
region.
Espeially for the luster-luster sample the upgrade of the BST in 1998 is very im-
portant. Only by the additional trak information a suÆiently preise measurement
and eletron identiation are possible. The BST is the keystone in extending this
analysis to the highest W
p
, i.e. into the region up to the kinemati limit. It allows
the assoiation of an eletron in the luster-luster sample with a trak in the BST and
thus the eÆient rejetion of bakground. In this kinemati region it is very important
to rejet bakground events even during data taking in order to obtain a suÆient
number of J= events. For this purpose H1 is using a four-level trigger system. For
this analysis the Level-2-Neural-Network-Trigger is of speial importane to keep high
eÆieny. For the trak-luster sample (highW
p
range) a feed-forward neural network
is used sine the middle of 1999. For the luster-luster sample (highest W
p
) a speial
parallel algorithm is used for the online event seletion.
This thesis is strutured as follows: In hapter 1 the relevant theoretial models are
desribed. An introdution to the HERA ollider and the H1 experiment with speial
emphasis on parts important for this analysis is given in hapter 2. Event topologies
are disussed in hapter 3. Sine the trigger system and neural networks play a ruial
role in this analysis, they are desribed in detail in hapter 4. Events from Monte-Carlo
studies are important for the understanding of the bakground. Dierent MC methods
whih are used to estimate signal and bakground are disussed in hapter 5. The
reonstrution of simulated and real data is desribed in hapter 6 whih also ontains
the desription of a trak nding algorithm in the BST developed in this thesis. After
the presentation of the seletion and analysis of the data in hapter 7 and 8 the results
are given in hapter 9.
Chapter 1
Dirative Photoprodution of J= 
Mesons at HERA
In this hapter rst the kinematis of deep inelasti eletron-proton sattering at HERA
is dened. It is then applied to the exlusive photoprodution of the vetor meson J= .
Theoretial models for the exlusive photoprodution of vetor mesons are presented.
This inludes a review of relevant Regge phenomenology and the preditions from
perturbative quantum hromo dynamis (QCD).
1.1 ep Sattering at HERA
At HERA eletrons or positrons with an energy of E
e
= 27:5GeV ollide with protons
with an energy of E
p
= 920GeV. In lowest order (Born approximation) ep-sattering
is desribed by the exhange of a gauge boson (
?
, Z
0
, W
+
, W
 
) between the eletron
and a parton of the proton. The exhange of the neutral bosons 
?
and Z
0
is alled
neutral urrent (NC) proess and the exhange of harged bosonsW
+
andW
 
is alled
harged urrent (CC) proess. The Feynman diagram for deep inelasti sattering (DIS)
is shown in gure 1.1. This analysis onentrates on proesses with photon exhange.
+_e
o
, Zγ
+_
+_e
P´q
q
k k´
q = k − k´
X
P´
= xPP
Pp
W
ν
(−)
NC:
CC:
Figure 1.1: Feynman diagram
of the deep inelasti eletron
quark sattering in lowest or-
der.
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The kinemati variables in gure 1.1 are the four-momenta of the inoming (k) and
outgoing (k
0
) eletron, the inoming proton (P ) and outgoing hadroni nal state X
(P
0
) and of the exhanged photon (q = k k
0
). In order to desribe the kinematis the
following Lorenz invariant variables are used:
 The entre-of-mass energy squared
s := (k + P )
2
= 4E
e
E
p
+m
2
e
+m
2
p
 4E
e
E
p
(1.1)
is xed by the energies of the eletron and proton beams. The entre-of-mass
energy is
p
s  318GeV.
 The four-momentum squared of the exhanged photon
Q
2
:=  q
2
=  (k
0
  k)
2
 0 (1.2)
represents the virtuality of the spaelike photon.
 In the rest system of the inoming proton the fration of the eletron energy
whih is transferred to the hadroni nal state is given by
y :=
q  P
k  P
: (1.3)
 The energy in the photon proton entre-of-mass system
W
p
2
:= (P + q)
2
= ys+m
2
p
 Q
2
: (1.4)
For Q
2
 0 this redues to W
p
2
 ys.
 The fration of the momentum of the sattered parton with respet to the proton
momentum (Bjorken x
B
):
x
B
:=
Q
2
2P  q
: (1.5)
The kinemati variables are related as Q
2
= sx
B
y. If the entre of mass energy
p
s is
xed, the kinematis is fully desribed by two out of the three variables x
B
; y; Q
2
.
The kinemati variables Q
2
and y an be determined by measuring e.g. the energy
E
0
e
and polar angle 
e
of the outgoing sattered eletron in the laboratory frame (H1
oordinate system, see setion 2.2):
Q
2
= 4E
e
E
0
e
os
2

e
2
; (1.6)
y = 1 
E
0
e
E
e
sin
2

e
2
: (1.7)
This analysis onentrates on the region of Q
2
 0. With equation 1.6 this orresponds
to the region 
e
 180
Æ
where the eletron is almost not deeted by the ollision. In
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this kinemati regime the exhange of the weak gauge boson Z
0
is strongly suppressed
with respet to photon exhange due to its large mass m
Z
0
= 91GeV and an be safely
negleted.
The Q
2
 0 regime is alled photoprodution, whih is explained in the following
setions.
1.2 Vetor Meson Dominane Model and J= Pho-
toprodution
The eletron in gure 1.1 radiates a photon whih interats with the proton. Measure-
ments [20℄ show, that the photon proton ross setion at large entre-of-mass energies
p
s does not fall as
p
s whih would be expeted from pure QED ross setions.
This an be explained by the hadroni struture of the photon whih is desribed in the
vetor meson dominane model (VDM) [21℄. In this model the photon ji is omposed
of the eletromagneti eld j
QED
i and hadroni parts jV i with the quantum numbers
of the photon (J
PC
= 1
  
; Q = B = S = 0), i.e. neutral vetor mesons:
1
ji = N j
QED
i+
X
V
e

V
jV i ; (1.8)
where N is a normalisation fator and  e the harge of the eletron. The oupling
onstant 
V
is determined by the mass m
V
and the leptoni width  
V

2
V
4
=

2
em
m
V
3 
V
: (1.9)
The onnetion between the total ross setion (p! V p) and the elasti ross setion
(V p! V p) of the vetor meson prodution is then
(p! V p) =
4
em

2
V
(V p! V p) : (1.10)
Sine pure QED ross setions fall with 1=s, where s is the entre-of-mass energy
squared, and hadron-hadron ross setions rise with s
"
at large s, where " is a positive
onstant, the hadroni part in equation 1.8 dominates at high s.
The sattering proess p ! V p an therefore be interpreted as a two step proess:
The photon utuates into a neutral vetor meson (
0
, !, , J= , ) whih satters o
the proton [21℄. Real photons are transversely polarised. In the extension of the VDM
towards virtual photons one has to take into aount, that a longitudinal omponent is
present in addition. The ross setion for transversely polarised photons 
T
p
depends
on Q
2
[22℄
1
In this setion generally V is used for a vetor meson with four-momentum p
V
and mass m
V
.
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
T
p
(Q
2
)

T
p
(0)
=

m
2
V
m
2
V
+Q
2

2
: (1.11)
The transverse omponent is therefore suppressed with inreasing Q
2
and the ratio of
the ross setions from longitudinally and transversely polarised photons is predited
to be [22℄
R(Q
2
) =

L
p
(Q
2
)

T
p
(Q
2
)
= 
Q
2
m
2
V
; (1.12)
where  is a onstant.
The VDM model was oneived before heavy quarks were disovered. Extending it
to harm quarks the basi piture of elasti J= prodution at HERA is shown in
gure 1.2.
Figure 1.2: The eletron or positron beam of HERA an be viewed as a soure of virtual
photons. These virtual photons form a J= vetor meson aording to the vetor meson
dominane model. The J= vetor meson satters o the proton. The J= an be deteted
via the deay into an eletron positron pair.
In addition to the kinemati variables of setion 1.1 the following variables are dened:
 The four-momentum transfer squared at the proton vertex:
t := (P   P
0
)
2
= (q   p
V
)
2
(1.13)
  (~p
t
V
)
2
for q
2
 0 (1.14)
where ~p
t
V
is the transverse momentum of the vetor meson.
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 In the speial sattering proess 
?
p ! V X, where X is a hadroni nal state
originating from the proton, the elastiity of the proess is dened as
z :=
P  p
V
P  q
: (1.15)
The ase z = 1 is alled elasti photoprodution, beause viewed in the proton
rest frame the full photon energy is arried by the vetor meson V .
1.3 Weizsaker-Williams-Approximation
The measurable quantity at HERA is the ross setion of eletron-proton sattering 
ep
.
This setion desribes the onnetion to the ross setion of photon-proton satter-
ing 
p
.
The probability of a beam eletron to radiate a photon is alled ux fator F

. The
measured eletron-proton ross setion an be separated into transversal and longitu-
dinal omponents [23℄:
d
2

ep
dydQ
2
=
d
2
F

dydQ
2

p
=
d
2
F
T

dydQ
2

T
p
+
d
2
F
L

dydQ
2

L
p
: (1.16)
where F
L

and F
T

are the longitudinal and transversal omponents of F

. Using an
improved form of the Weizsaker-Williams-approximation (WWA) [24, 25, 26℄ where
terms of the order of m
2
e
=Q
2
are inluded, the omponents for small values of Q
2
are
given by [27, 28, 29℄
d
2
F
T

dydQ
2
=

em
2yQ
2
0
B

1 + (1  y)
2
| {z }
WWA
 2(1  y)
Q
2
min
Q
2
1
C
A
; (1.17)
d
2
F
L

dydQ
2
=

em
2yQ
2
2(1  y) (1.18)
where Q
2
min
(y) = m
2
e
y
2
1 y
is the kinemati smallest possible virtuality of the photon.
This leads to a ux ratio of the longitudinally to transversely polarised inoming virtual
photons
"
F
=
d
2
F
L

dydQ
2
d
2
F
T

dydQ
2

1  y
1  y + y
2
=2
: (1.19)
With the VDM predition for the ratio R (see equation 1.12) of the longitudinal and
transversal ross setions one an write
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
p
= 
T
p
+ 
L
p
= 
T
p
 (1 +R) : (1.20)
Combining equations 1.18, 1.19 and and 1.20 the following formula for the eletron-
proton ross setion is obtained
d
2

ep
dydQ
2
=
d
2
F
T

dydQ
2

T
p
(1 + "
F
R) =
d
2
F
T

dydQ
2

p
1 + "
F
R
1 +R

d
2
F
T

dydQ
2

p
(1.21)
where in the kinemati region of the analysis y  0 (see equation 1.7) and thus "
F
 1.
Integration over y and Q
2
yields

ep
(y
min
; y
max
) =
Z
y
max
y
min
Z
Q
2
max
Q
2
min
(y)
d
2
F
T

dydQ
2

p
dQ
2
dy
= F

(y
min
; y
max
)  
p
(y
0
; Q
2
0
) (1.22)
and the photon-proton ross setion 
p
is onneted with the eletron-proton ross
setion 
ep
by the ux fator F

in the following way

p
(y
0
; Q
2
0
) =
1
F

(y
min
; y
max
)

ep
(y
min
; y
max
) (1.23)
with
F

(y
min
; y
max
) =
Z
y
max
y
min
Z
Q
2
max
Q
2
min
(y)
d
2
F
T

dydQ
2
dQ
2
dy : (1.24)
Sine 
p
is slowly varying in the region I := f(y;Q
2
)jy
min
 y  y
max
; Q
2
min
(y) 
Q
2
 Q
2
max
g, values (y
0
; Q
2
0
) 2 I an be found, so that equation 1.22 holds. Q
2
max
is determined by the aeptane of the experiment. Below Q
2
max
the sattered beam
eletron is not deteted.
With equation 1.4 the interval [y
min
; y
max
℄ is onneted to the experimentally hosen
interval [W
min
p
;W
max
p
℄. The orresponding ux fator F

(W
min
p
;W
max
p
) is obtained by
numerial integration (equation 1.24).
1.4 Photoprodution of Vetor Mesons
The eletron beam at HERA an be viewed as a soure of virtual photons (see g-
ure 1.2). These photons are quasi-real in the photoprodution regime of Q
2
 0.
Generalising, the basi piture of the proess 
?
p ! V p is shown in gure 1.3: the
photon 
?
with virtuality Q
2
 0 utuates into a quark-antiquark (qq) pair, whih
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Figure 1.3: Basi piture of the elasti prodution of a vetor meson V in 
?
p sattering.
The 
?
p entre-of-mass energy is W
p
and the four-momentum transfer at the proton vertex
is t.
then interats elastially with the proton p. The details of the interation remain
unspeied here.
After the interation with the proton the vetor meson V with invariant mass m
V
is
formed, in rst approximation by the qq pair. In the kinemati region of high entre-of-
mass energy W
p
the time sales involved are the following: The typial lifetime 

?
!qq
of the 
?
! qq utuation and the time 
qq!V
for the formation of the vetor meson
V are muh longer than the duration 
i
of the interation with the proton


?
!qq
>> 
i
; 
qq!V
>> 
i
: (1.25)
Therefore the amplitude in this basi piture fatorises into three parts: the utuation
into qq denoted by  

qq
, the interation amplitude with the proton A
qq+p
and the wave
funtion of the vetor meson  
V
qq
A(
?
p! V p) =  

qq

 A
qq+p

  
V
qq
: (1.26)
1.5 Hadro- and Photoprodution Data
The general features of hadro- and photoprodution data are disussed. They motivate
the models desribed in the next setions.
The total ross setions for various inoming hadrons and photons are shown in g-
ure 1.4. At low entre-of-mass energy
p
s the formation of resonanes is visible. Beyond
these resonant eets the ross setions show a derease at low values of
p
s and a slow
rise at higher values of
p
s. This slow rise seems to be independent of the type of
the sattering hadrons. This universal behaviour indiates, that it is not a property
of the sattering partiles, but a property of "something" that is exhanged. Using
spei assumptions for that "something" Regge theory was developed to desribe this
universal slow rise. Regge theory is explained in setion 1.6.
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Figure 1.4: Summary of hadroni, p, and  total ross setions as a funtion of the
entre-of-mass energy
p
s (from [20℄ p. 206).
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The basi piture of photoprodution of vetor mesons (see setion 1.4) an be related
to hadron-hadron sattering by the vetor meson dominane model (see setion 1.2). In
gure 1.5 the total photoprodution ross setion and several exlusive photoprodution
ross setions are shown. The total photoprodution ross setion and the exlusive
photoprodution ross setions for the light vetor mesons , ! and  show a similar
slow rise with rising entre-of-mass energy
p
s as observed for hadrons. However, the
exlusive photoprodution ross setions for the heavy vetor mesons J= and  (2s)
show a muh steeper rise. In order to desribe this dierent behaviour previous models
based on Regge theory had to be extended (see setion 1.6.3) and an alternative theory
(pQCD) was developed (see setion 1.7).
Figure 1.5: HERA total and exlusive photoprodution ross setions as a funtion of the
photon proton entre-of-mass energy W =W
p
. Fits to the data are shown. For the  ross
setion the W
p
dependene is not the result of a t, but a predition from pQCD is shown.
(from [30℄).
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Both approahes, the one based on Regge theory and the other based on pQCD alu-
lations, need experimental input onerning the shape of the dierential ross setion
d
dt
. In gure 1.6 the dierential ross setion
d
dt
for elasti J= photoprodution as
a funtion of jtj is shown for low jtj. Data suggest an exponential ansatz of the form
e
 bt
.
Figure 1.6: The dierential ross setion
d
dt
for elasti J= photoprodution as a fun-
tion of jtj, integrated over the energy region 40GeV  W
p
 150GeV, is shown (from
[14℄). Only statistial errors are shown. H1 data from 1996 and 1997 are used. The data
(points) ontain bakground from proton-dissoiative J= photoprodution (dotted line) and
non resonant bakground (dashed dotted line). Together with an exponential slope e
 bt
for the proton-elasti J= photoprodution (solid line) a t was performed. The result is
b = (4:73  0:25
+0:30
 0:39
)GeV
 2
for jtj  1:2GeV
2
, where the rst error is statistial and the
seond is systemati.
1.6 Diration in Regge Theory
Within Regge theory [31℄ total hadroni ross setions an be desribed over a wide
range of entre-of-mass energies. The total ross setions of soft dirative proesses
are also desribed, if in the sattering only momentum and angular momentum are
exhanged. In Regge theory the exhanged partile left unspeied in gure 1.2 and
gure 1.3 is alled a pomeron.
In this setion it is shown, that Regge theory with the exhange of one pomeron is
universally appliable. The rise of the total photoprodution ross setion and the rise
of the exlusive photoprodution ross setions for the light vetor mesons , ! and 
(see setion 1.5) an be desribed.
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The strong rise of the exlusive photoprodution ross setions for the heavy vetor
mesons J= and  (2s) annot be desribed by the exhange of one pomeron. The
universal desription by one pomeron breaks down and in this approah a seond
pomeron is neessary to desribe J= prodution. Sine the large mass of the vetor
mesons provides a "hard" sale, this regime is alled hard, while the regime of the light
vetor mesons is alled soft. The seond pomeron is alled hard pomeron.
Referring to the similarity of hadron-hadron sattering and photon-hadron sattering
rst hadron-hadron sattering is disussed. The theoretial model is afterwards applied
to photoprodution at HERA.
1.6.1 Hadron-Hadron Sattering in Regge Theory
For the general two-body sattering proess ab ! d (gure 1.7) the Mandelstam
variables an be dened
2
s := (p
a
+ p
b
)
2
; (1.27)
t := (p
a
  p

)
2
= (p
b
  p
d
)
2
; (1.28)
u := (p
a
  p
d
)
2
; (1.29)
s+ u+ t = m
2
a
+m
2
b
+m
2

+m
2
d
; (1.30)
where p
i
and m
i
(i 2 fa; b; ; dg) are the four momenta and masses of the partiles.
s is the square of the entre-of-mass energy and t is the square of the four-momentum
transfer, whih partile b absorbs in the proess. Beause of equation 1.30 only two of
the three variables s, t and u are independent. Usually s and t are used as independent
variables.
By rossing and the assumption of CPT invariane
3
the sattering proess ab ! d
an be onneted to the sattering proess b

d ! a. For this proess the square of
the entre of mass energy is given by t = (p
b
  p
d
)
2
. The dierent desriptions of the
sattering proess are denoted by the arrows in gure 1.7. The proesses where s or t
are the square of the entre of mass energy are alled s-hannel or t-hannel proesses
respetively. The terminology s-hannel exhange and t-hannel exhange is explained
in gure 1.7. The proesses in s-hannel and t-hannel oupy dierent regions in the
variables s and t. In the ase of equal mass sattering
4
m
0
= m
i
(i 2 fa; b; ; dg) |
inludes m
i
 0 | the physial region for the s-hannel [1℄ is given by
s  4m
2
0
; t  0 ; u  0 : (1.31)
The t-hannel exhange of a partile with mass m and the sattering amplitude A is
governed by the following propagator
2
The variables s and t are already dened in equation 1.1 and equation 1.14 respetively. The
denitions are onsistent with the denitions in this setion.
3
C: harge onjugation, P: parity inversion, T: time reversal
4
For the general two body sattering refer to [31℄.
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(a) (b)
Figure 1.7: The sattering proess ab! d is mediated by the exhange of a virtual partile
with four-momentum q. In ase (a) it is q
2
= (p
a
+ p
b
)
2
= s  0. The virtual partile is
time-like. A resonane in the s-hannel is produed. In ase (b) it is q
2
= (p
a
  p

)
2
= t  0.
The virtual partile is spae-like. A partile (trajetory (t) see equation 1.35) is exhanged
in the t-hannel.
A(s; t) /
g
2
t m
2
 i
; (1.32)
where g is the oupling onstant desribing the strength of the interation and  > 0
is small.
In Regge theory [32℄ the exhange of one partile is extended to the exhange of a set
of partiles with idential quantum numbers, but dierent angular momentum l and
mass m
l
. This set of partiles is alled Regge trajetory (m
2
l
) := l. The sattering
amplitude an be written as a sum of partial waves
A(s; t) =
1
16
1
X
l=0
(2l + 1)A
l
(t)P
l
(os 
t
) ; (1.33)
where 
t
is the sattering angle in the entre-of-mass system and P
l
are the Legendre
polynomials. The oeÆients A
l
(t) are disussed in the following.
Requiring an analyti ontinuation of the sattering amplitude A into the omplex
plane of the angular momentum
5
J = L+S, the s-hannel sattering by exhange of a
virtual partile (t < 0) is onneted to the prodution of a resonane in the t-hannel
(t > 0). Thus the sattering amplitude of an s-hannel exhange an be desribed by
poles in the t-hannel, whih are haraterised by the virtuality t = m
2
l
and the spin
(m
2
l
). Extending (m
2
l
) from disrete m
2
l
to ontinuous t, the oeÆient A
l
(t) near a
pole is
lim
(t)!l
A
l
(t) =
(t)
(t)  l
(l 2 IN) ; (1.34)
5
L = angular momentum, S = spin
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where the residuals (t) desribe the strength of the oupling. In ase of integer (t)
the pole is alled a Regge pole, whih an be identied with resonanes/partiles of
mass m
2
= t. Only those Regge poles, whih have the same quantum numbers as
required for the sattering proess, ontribute to the sattering amplitude. Plotting
(t) versus m
2
= t (see gure 1.8) suggests a linear ansatz for the Regge trajetory
(t) = 1 + "
| {z }
=:
0
+
0
t ; (1.35)
where 
0
is the interept and 
0
the slope of the trajetory. " := 
0
 1 is a onventional
abbreviation. Extrapolating the trajetory to t < 0 the sattering in the s-hannel an
be desribed. The sattering amplitude is alulated by integration over all poles of
the trajetory. In the region t < 0 and s!1 the partial wave expansion leads to the
sattering amplitude of one trajetory
A(s; t)  (t)s
(t)
: (1.36)
The dierential ross setion for one trajetory is
d
dt
=
1
16s
2
jA(s; t)j
2
/ s
2((t) 1)
: (1.37)
In the following the elasti sattering proess ab ! ab is onsidered. Let 
j
(t) be the
strength of the oupling of the Regge trajetory to the partile j 2 fa; bg. Then the
amplitude and dierential ross setion is obtained
A(s; t)  
a
(t)
b
(t)s
(t)
; (1.38)
d
dt
=
1
16s
2
jA(s; t)j
2
=
1
16

2
a
(t)
2
b
(t)s
2((t) 1)
: (1.39)
Experimental data (e.g. gure 1.6) and the analogy to optial diration suggest the
following exponential ansatz for small jtj:

2
(t) = 
2
a

2
b
e
 b
0
jtj
: (1.40)
This leads to the elasti dierential ross setion for the exhange of one trajetory
d
ab
el
(s; t)
dt
=
1
16

2
a

2
b
s
2"
e
 (b
0
+2
0
ln
s
s
0
)jtj
/ s
2"
e
 b(s)jtj
; (1.41)
with
b(s) = b
0
+ 2
0
ln
s
s
0
: (1.42)
Integration over t leads to the total elasti ross setion
18 Chapter 1 Dirative Photoprodution of J= Mesons at HERA
Figure 1.8: For the set of partiles , !, f , a the total angular momentum (spin) is plotted
versus the mass squared. This is alled a Chew-Frautshi plot [33℄. These partiles belong
to one Regge trajetory, whih in setion 1.6.3 is assoiated with reggeon exhange. The line
is (t) = 0:44 + 0:93  t (from [5℄).
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
ab
el
(s) =
1
16

2
a

2
b
s
2"
b(s)
/
1
b(s)
s
2"
: (1.43)
The total ross setion for the exhange of one trajetory is obtained by the optial
theorem from the imaginary part of the sattering amplitude at t = 0:

tot
=
1
s
=(A(s; t = 0)) =
1
16

a

b
s

0
 1
/ s
"
: (1.44)
Summarising, Regge theory gives the following preditions:
 The ross setions are proportional to a power of s.
The interept 
0
of a Regge trajetory auses the hange of the ross setion
with s. For " > 0 (" < 0), i.e. 
0
> 1 (
0
< 1), the ross setion rises (falls) with
inreasing s.
 The shape of the dierential ross setion hanges with s.
The slope of the trajetory 
0
aets the dierential ross setion
d
dt
. 
0
auses
the inrease of the slope b(s) of the dierential ross setion
d
dt
with inreasing s.
Therefore the forward peak at small jtj beomes narrower for rising s. This eet
is alled shrinkage.
The strong (exponential) drop of the elasti dierential ross setion
d
dt
away from the
forward diretion is harateristi for optial diration. Beause of this behaviour,
the proess is alled dirative.
Using the analogy to optial dirative sattering from a blak disk the data from
pp-sattering an be used to estimate the radius of the proton to be R
p
 1:3 fm (see
[34℄), whih is omparable to the proton harge radius R
p
= (0:845 0:05) fm [4℄.
1.6.2 Appliation to Photoprodution at HERA
In the VDM framework the photoprodution proess p! J= p is related to the elasti
proess J= p! J= p. The entre-of-mass energy for this proess is W
p
. Replaing s
by W
p
2
in equations 1.41 and 1.43 the following relations are obtained:
d
J= p
el
(W
p
; t)
dt
/ e
 b(W
p
)jtj
W
p
4"
; (1.45)

J= p
el
(W
p
) /
1
b(W
p
)
W
p
4"
; (1.46)
b(W
p
) = b
0
+ 4
0
ln
W
p
W
p
0
: (1.47)
Assuming 
0
= 0 the slope b(W
p
) beomes independent of W
p
and with Æ := 4" the
following holds approximately

J= p
el
(W
p
) / W
p
Æ
: (1.48)
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1.6.3 Parameterisation of Donnahie and Landsho
In setion 1.6.1 the total ross setion for only one Regge trajetory was given (see
equation 1.44). Donnahie and Landsho [5℄ assume two trajetories and performed a
Regge t with a sum of two powers for the total ross setion

tot
= Xs
"
+ Y s
 
: (1.49)
They used all data on hadroni nal states available at that time like ross setions
shown in gure 1.4. The result is
6
" = 0:0808;  = 0:4525 : (1.50)
The rst term ("-term) in equation 1.49 an be identied as arising from pomeron
exhange and the seond term (-term) from reggeon exhange. The orresponding
trajetories are

IP
(t) = 
0
IP
+ 
0
IP
 t (pomeron) (1.51)

IR
(t) = 
0
IR
+ 
0
IR
 t (reggeon) (1.52)
where the onstants 
0
IP
(
0
IP
) and 
0
IR
(
0
IR
) are the interept (slope) of the trajetories.
The reggeon exhange an be identied with the exhange of the mesons , !, f , a (see
gure 1.8). From the Chew-Frautshi plot in gure 1.8 the parameters for the Regge
trajetory an be obtained:

0
IR
= 0:44; 
0
IR
= 0:93GeV
 2

2
: (1.53)
The ontribution from reggeon exhange to the total ross setion falls with rising
entre-of-mass energy. At high entre-of-mass energies the reggeon exhange is strongly
suppressed and an be negleted.
For the pomeron exhange the t yields [5℄

0
IP
= 1:08 ; 
0
IP
= 0:25GeV
 2

2
: (1.54)
Regge theory thus produes an extremely simple and eonomial parameterisation of
all total ross setion data available at the time of [5℄ (see also gure 1.4).
The orret predition of the slow rise of the total ross setion, see gure 1.5, and the
vetor meson ross setions for the light vetor mesons (, !, ) in this new kinemati
domain is a triumph for the pomeron exhange piture.
The measurement of the strongly rising ross setion for the heavy vetor mesons (J= ,
 (2s)), see gure 1.5, however, does not easily t into this piture.
6
In this setion values for most of the parameters of the two-pomeron t, the soft and hard pomeron
are presented without errors, sine in [5, 19, 35, 36℄ no errors are provided.
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In order to desribe the steep rise of the ross setion Donnahie and Landsho intro-
dued a seond pomeron trajetory into equation 1.49, whih they all "hard" pomeron
exhange [19℄. The previous pomeron is now alled "soft" pomeron. Using HERA data
the interept of the hard pomeron is determined to be

0
HP
= 1:418 0:05 : (1.55)
By ts [35℄ to the dierential ross setions of the early elasti J= photoprodution
data the values 0GeV
2
and 0:2GeV
2
for the boundaries for the slope of the hard
pomeron 
0
HP
are obtained and the following value as a good hoie for the slope of the
hard pomeron is taken:

0
HP
= 0:1GeV
 2

2
: (1.56)
Taking both pomerons into aount the dierential ross setion is predited to be
d
dt
= jT (s; t)j
2
, where the amplitude T (s; t) ontains a sum over ontributions of the
hard (i = 0) and the soft (i = 1) pomeron [35, 36℄:
T (s; t) = i
1
X
i=0

i
(t) s

i
(t) 1
exp

 
1
2
 (
i
(t)  1)

: (1.57)
For the pomeron oupling funtions 
i
(t) the following assumptions are made. The
pomeron--J= oupling is independent of t and the oupling of the proton to the soft
and hard pomeron is proportional to F
1
(t), the Dira elasti form fator of the proton:

i
(t) = 
0i
F
1
(t) (i 2 f0; 1g) ; (1.58)
F
1
(t) =
4m
2
  2:79t
4m
2
  t
1
(1  t=0:71)
2
: (1.59)
Integrating
d
dt
over t a predition for the total ross setion for p! J= p is obtained
[37℄. This two-pomeron t to H1 data from [14℄ and xed-target data yields [36℄

00
= 0:46 and 
01
= 5:4 : (1.60)
In gure 1.9 a two-pomeron t with the ontributions of the soft and hard pomeron and
their interferene is shown. The two pomeron t, adjusted to relative ontributions of
the two pomerons, is able to desribe the data. The muh larger interept of the hard
pomeron ompared to the soft pomeron auses the steep rise of the ross setion with
rising W
p
(see equation 1.46).
Though neither pomeron has zero slope, the ombined eet of the two pomerons shows
almost no shrinkage.
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Figure 1.9: The total ross setion (p! J= p) versus W
p
from [14℄ and previous results
are shown. Data up to the year 1997 were used. The inner and outer error bars show the
statistial and total errors, repetively. In gure a) the full line is a t of the form 
p
/W
p
Æ
with Æ = 0:83  0:07. The dashed lines are pQCD preditions by Frankfurt et al. [38℄ using
various parameterisations of the gluon density in the proton. In gure b) also results from
xed target experiments are shown. The full line represents a t of the two-pomeron model
by Donnahie and Landsho. The ontributions of the soft and hard pomeron amplitudes
were adjusted [19℄. The ontributions from the hard and soft pomeron and the interferene
are indiated by the dashed lines. For the two-pomeron model it is harateristi, that the
t has a "onave" shape in the double logarithmi presentation, while the shown QCD
preditions in a) have a "onvex" shape. New QCD preditions also show "onave" shapes
(see gure 9.8).
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Figure 1.10: In proton-dissoiative sattering the proton is exited and dissoiates into
hadrons. The hadroni system is alled X.
1.6.4 Proton-dissoiative Vetor Meson Prodution
In proton-dissoiative sattering the proton dissoiates into hadrons. The hadroni
system is alled X and its mass is M
X
(see gure 1.10). Espeially systems with
low M
X
may not be deteted. Therefore the proton-dissoiative J= prodution is a
potential bakground to the proton-elasti J= prodution. In order to determine this
ontamination a simulation of proton-dissoiative J= prodution will be used
7
, for
whih the theoretial foundation is laid out here.
In the ase of the dirative sattering proess J= p ! J= X, where the proton p
dissoiates into the hadroni state X, the exhange of one pomeron trajetory leads to
the double dierential ross setion [39℄
d
2

J= p
pdiss
dt dM
X
2
/

p
(0)
2
J= 
(t)
s
2
 s
2"


s
M
X
2

2
IP
(t)

 
M
X
2

2
IP
(0)
= 
p
(0)  
2
J= 
(t)  s
2"

e
 b
pdiss
(s)jtj
M
X
2(1+")
; (1.61)
where 
p
and 
J= 
desribe the ouplings of the pomeron to the proton and the J= 
meson and
b
pdiss
(s) = 2b
pdiss;0
+ 2
0
IP
ln
s
M
X
2
: (1.62)
7
see hapter 5 and setion 8.5
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Applying this in analogy to setion 1.6.2 to proton-dissoiative J= photoprodution
at HERA with s = W
p
2
leads to:
d
2

J= p
pdiss
(W
p
; t)
dt dM
X
2
/ e
 b
pdiss
(W
p
)jtj
W
p
4"
1
M
X
2(1+")
; (1.63)
b
pdiss
(W
p
) = b
pdiss;0
+ 4
0
ln
W
p
M
X
: (1.64)
 In rst approximation the proton-dissoiative ross setion shows the same W
p
dependene as the proton-elasti ross setion: / W
p
4"
.
 The proton-dissoiative ross setion has a similar t dependene as the proton-
elasti ross setion: / e
 b
pdiss
(W
p
)jtj
, however b
pdiss
6= b
el
.
 The W
p
dependene of the slope b
pdiss
is the same logarithmi dependene as for
the proton-elasti ase, but the slope dereases logarithmially with inreasing
M
X
.
 At xed W
p
and t the ross setion is /
1
M
X
2(1+")

1
M
X
2
.
1.7 Perturbative QCD
In perturbative QCD (pQCD) the reation 
?
p! V p is viewed as a three step proess
(see gure 1.11):
 The virtual photon 
?
utuates into a qq pair.
 The qq pair satters o the proton exhanging a olourless objet. This objet
an be desribed to leading order in QCD by a olour singlet two-gluon system,
more generally a gluon ladder.
8
 The qq pair forms a vetor meson.
Perturbative QCD is only appliable, if a suÆiently large sale is present. Experimen-
tal data from J= prodution and the prodution of the light vetor mesons  and 
[15, 16℄ suggest, that any of the following sales is suÆient to ause "hard" behaviour
of the ross setion:
 the photon virtuality Q
2
>> 
2
QCD
,
 the mass of the vetor meson m
2
V
>> 
2
QCD
or
8
Meson exhange is already exluded beause of high entre-of-mass energies, f. reggeon exhange
in setion 1.6.3.
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Figure 1.11: Feynman diagram of the J= photoprodution in the pQCD piture.
 the four-momentum transfer squared at the proton vertex t >> 
2
QCD
.

QCD
haraterises the energy sale at whih the strong oupling onstant 
s
beomes
large. At large energy sale >> 
QCD
the oupling between quarks and gluons is small,

s
! 0 and perturbative methods an be applied.
The oupling of the two gluons to the qq utuation an then be treated reliably
within pQCD. Sine in this analysis the vetor meson is produed in photoprodution
(Q
2
 0) and jtj  1GeV
2
the hard sale is provided by the mass of the vetor meson
m
2
J= 
 10GeV
2
.
The relevant alulations [8, 9, 10℄ were arried out in leading order of 
S
ln
 
Q
2
=
2
QCD

.
The predition for the forward dierential ross setion is
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(1.65)
where 
em
and 
S
are the eletromagneti and strong oupling onstants. g(x
g
;
~
Q
2
) is
the density of the gluons in the proton and m

is the mass of the harm quark. "
F
is the ux ratio of the longitudinal to transversely polarised inoming virtual photons
(see equation 1.19) whih in the ase of photoprodution (y  0, see equation 1.7) is
lose to 1. C(Q
2
) is determined from the vetor meson wave funtion.
x
g

Q
2
+m
2
V
W
p
2
(1.66)
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is the momentum fration arried by the gluon. The oupling of the vetor meson wave
funtion to the photon is enoded in the eletroni width  
ee
. The eetive sale is
given by
~
Q
2
:= (Q
2
+m
2
V
)=4 
QCD
.
In oder to predit the total elasti ross setion from the forward elasti dierential
ross setion, the t dependene has to be known. An exponential form exp( bjtj)
is assumed, with an experimentally measured slope parameter b [40, 41℄. As pQCD
neither predits the exponential form nor its parameter, no statement about shrinkage
an be made. The total elasti ross setion is


?
p
=
1
b
d

?
p
dt




t=0
: (1.67)
In the photoprodution regime at high W
p
equation 1.66 and 1.65 lead to

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p


x
g
g(x
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;
~
Q
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
2
with x
g
/
1
W
p
2
: (1.68)
The steep rise of the ross setion with rising W
p
an therefore be onneted with the
dramati inrease of the gluon density g(x
g
;
~
Q
2
) towards small x
g
, whih was measured
at HERA by the strong rise [17, 18℄ of the proton struture funtion F
2
towards low
values of the Bjorken variable x
B
. Figure 1.9 ompares pQCD preditions with HERA
data.
Chapter 2
The H1 Detetor at HERA
The H1 detetor is operated at the HERA faility at the German researh entre DESY
(Deutshes Elektronen-Synhroton) in Hamburg. In this hapter rst an overview of
the HERA ollider is presented. Then the H1 detetor is desribed with emphasis on
the omponents, whih are important for this analysis.
2.1 The HERA Collider
Figure 2.1: The eletron proton storage ring faility HERA is shown on the right hand side.
An enlarged view of the pre-aelerators is presented in the dashed box on the left hand side.
The HERA-ollider ("Hadron-Elektron-Ring-Anlage") (see gure 2.1) onsists of two
storage rings with a irumferene of 6:3 km for eletrons
1
of 27:5GeV and protons
of 920GeV [2℄. At HERA there are four interation regions for experiments: At H1
1
The nomenlature eletron is used for both eletrons and positrons.
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in hall north and ZEUS in hall south the eletron and proton beams are brought to
ollision; HERA-B and HERMES are xed target experiments. HERA-B uses only the
halo of the proton beam and HERMES the eletron beam.
The partiles are aelerated to the ollision energies in a multi step proess. Pre-
aelerators (LINAC, DESYIII, PETRA) bring the eletrons and protons to energies
of 12GeV and 40GeV, respetively. With these energies they are injeted into the
HERA storage rings where they are aelerated to their ollision energies.
Beginning from the rst aeleration in the linear aelerators (LINAC) the partiles
are paked in bunhes. Proton and eletron bunhes onsist of 2:1  10
13
protons and
0:8  10
13
eletrons, respetively. PETRA ("Positron-Elektron-Tandem-Ring-Anlage")
an hold up to 70 bunhes. Three PETRA lls with protons and three PETRA lls with
eletrons are needed to ll 210 bunhes in HERA. HERA has in total 220 bunh plaes.
Taking the 220 bunh plaes and the irumferene of 6336 m into aount the result-
ing frequeny of proton-eletron bunh ollisions (bunh rossing) is 10:4 MHz, whih
orresponds to a bunh rossing time (BC) of 96 ns [42, 43℄. Bunh rossings where
the orresponding other bunh position is not lled are alled pilot bunh rossings.
These are important for the study of bakground. The spatial size of the eletron and
proton bunhes are: 
e
x
 280 m, 
e
y
 60 m, 
e
z
 1 m, 
p
x
 180 m, 
p
y
 60 m,

p
z
 11 m. Typial beam urrents are shown in gure 2.2. The design luminosity is
1:5  10
31
m
 2
s
 1
.
Figure 2.2: Typial eletron and proton beam urrents are shown. The strong derease of
the eletron urrent during the ll is aused by synhrotron radiation.
While the eletron beam energy is limited by the energy loss due to synhrotron radi-
ation, the strength of the magneti eld of approximately 5 T of the superonduting
magnets of the proton ring sets the limit for the proton beam energy. In mahine
studies it was demonstrated, that the superonduting oils for the proton beam an
safely operate with a urrent 10% above design. In 1998 the proton beam energy was
thus inreased from the original value of 820GeV to 920GeV. This orrespondingly
inreased the entre-of-mass energy from 300GeV to 320GeV.
A period of data taking with the same ll of eletrons and protons is alled a luminosity
ll and lasts  12 hours (see gure 2.2). A time period of experimentally stable running
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onditions is alled a run. Runs an take from minutes to several hours, but are usually
not longer than two hours.
2.2 The H1 Detetor
The H1 detetor [42, 43℄ is designed as a general purpose detetor to study high energy
interations of eletrons and protons at HERA.
The H1 experiment is arranged ylindrially symmetri around the beam axis (see
gure 2.3). The origin of the H1 oordinate system is at the nominal interation point.
The z-axis is pointing in the diretion of ight of the inoming protons and the y-
axis is pointing vertially upwards. The denition of the polar angle  and azimuthal
angle  is shown in gure 2.3. The positive (negative) z-diretion are alled forward
(bakward). The region around the interation point is referred to as the entral region.
Due to the imbalane of the energy of the beam eletrons and beam protons the entre-
of-mass system is boosted in positive z-diretion with respet to the laboratory system.
Therefore the H1 detetor has dierent instrumentation in the forward/bakward re-
gion.
Starting at the nominal interation point and proeeding outwards the H1 detetor is
build up from following detetor omponents. Detetor omponents important for this
analysis are highlighted in bold font:
 traking system
{ entral (CST) and bakward silion traker (BST)
{ entral and forward traking hambers
{ bakward drift hamber
 alorimetry
{ Liquid-Argon (LAr) alorimeter
{ bakward spaghetti alorimeter (SpaCal)
 superonduting oil with uniform solenoidal magneti eld of 1:2 T
 muon system
{ entral muon system inluded in the iron return yoke
{ forward muon detetor in a toroidal magneti eld
 proton remnant tagger in the very forward region
 time of ight systems
 luminosity detetors.
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Figure 2.3: Shemati view of the H1 detetor and the H1 oordinate system
2.2 The H1 Detetor 31
In the following speial emphasis is put on parts of the H1 detetor whih are essential
for the analysis presented here. A detailed desription of the H1 detetor an be found
in [42, 43℄.
2.2.1 Traking System
Two tehnologies are used in the H1 traking system. Close to the beam pipe sili-
on strip detetors are deployed. The large volume part of the system is realised as
proportional hambers. An overview is given in gure 2.4.
Figure 2.4: Side view of the H1 traking system. For the abbreviations refer to the table.
CST entral silion traker CIZ entral inner z-hamber
BST bakward silion traker COZ entral outer z-hamber
CJC1 entral jet hamber 1 CIP entral inner proportional hamber
CJC2 entral jet hamber 2 COP entral outer proportional hamber
BDC bakward drift hamber SpaCal bakward spaghetti alorimeter
2.2.1.1 Central Silion Traker
The entral silion traker (CST) [44, 45℄ surrounds the beam pipe in the region around
the nominal interation point. It has an ative length of 35:6 m along the z-axis, whih
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orresponds to a overed range in the polar angle of 29
Æ
<  < 151
Æ
. The silion strip
detetors are arranged at radii of 5:75 m and 9:75 m parallel to the z-axis. The
main purpose of the CST is to measure seondary verties. A resolution of 57 m is
ahieved. Beause of multiple sattering it is very important to keep the amount of
material in front of the other detetors small. The CST adds only 1:4% of a radiation
length.
2.2.1.2 Bakward Silion Traker
The bakward silion traker (BST) [46, 47℄ is loated in the bakward region of the
H1 detetor in front of the bakward drift hamber BDC and the alorimeter SpaCal
(see gure 2.4). It overs the range in polar angle of 165
Æ
<  < 175
Æ
.
Figure 2.5: A shemati view of the BST II detetor: The four planes at '1' are from BST I.
The four planes at '2' are the four new planes of BST II (gure from [48℄).
The BST onsists of planes of silion detetors whih are arranged perpendiular to the
beam axis (see gure 2.5). Originally the BST was installed in 1996 with four planes.
This setup is alled 'BST I'. In 1998 additional four planes were installed. The eight
plane setup is alled 'BST II'.
Eah of the eight planes is divided in 16 segments in the azimuthal angle  and eah
of these segments is planned to onsist of three dierent types of detetors. They are
a silion pad detetor and two kinds of silion strip detetors, whih have a dierent
orientation of the strips. One orientation is parallel to the radial diretion (-strip
detetor) and the other is perpendiular to the radial diretion (r-strip detetor).
The pad detetors are used for triggering, while the r-strip and -strip detetors are
used for the measurement of the position in r and  of the impat points of partiles.
In 1999/2000 only one setor was equipped with -strip detetors [48℄. Therefore only
the r-strip detetors are used in this analysis.
The r-strip detetors ontain 1537 strips with radii from 5:24 m to 12:16 m. The
pith of the strips is 45 m. Only every seond strip is read out. The strips extend
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in  over 2=16 in order to gain a little overlap with the adjaent setors. Therefore
the setors are staggered in z when mounted to a plane. With this overlap eÆieny
heks and alignment are possible.
The BST geometry was optimised in order to obtain a very good resolution in the polar
angle  and to provide the most eÆient detetion of the sattered eletron. With a
non-equidistant arrangement in z of the planes the largest possible plateau of the BST
polar angle aeptane was reahed [46, 49℄. The z-positions in m of the planes are
-35.12, -38.46, -42.12, -46.02, -72.46, -79.29, -86.76, -94.92, where the rst four positions
are the positions of the additional planes of BST II. The BST adds  1:3 radiation
length.
The BST detetor is a keystone for this analysis. The rz-hit information allows re-
onstrution of traks in the bakward region with a resolution in the polar angle  of


 0:03
Æ
. The BST traks are used to determine vertex positions. In addition the
existene of a trak provides separation between eletrons and photons.
2.2.1.3 Central Traking Chambers
The entral traking hambers surround the nominal interation point (see gure 2.4)
and over the range in polar angle 20
Æ
<  < 160
Æ
. The entral traking hambers
are a ombination of the following hambers: the entral jet hamber 1/2, the entral
inner/outer z-hamber, the entral inner/outer proportional hamber.
The two entral jet hambers CJC1 and CJC2 ontain signal wires, whih are parallel to
the z-axis. These wires are arranged in rows, whih are angled by 30
Æ
with respet to the
radial diretion. The CJC1 (CJC2) ontains 30 (60) ells in  (see gure 2.6). Through
this arrangement of the rows the ionisation eletrons of high energeti traks drift
almost perpendiular to these rows due to the magneti eld. In addition ambiguities
are avoided. The CJC1 and CJC2 measure the projetion of the traks on the r (xy)
plane with a spatial hit resolution in the r plane of 
r
= 170 m and a momentum
resolution of 
p
=p
2
< 0:01GeV
 1
. Information about the z-position an be obtained
by harge division with a resolution of about 2 m.
The inner and outer z-hambers CIZ and COZ are thin drift hambers and surround
the CJC1. The z-hambers onsist of irular wires and improve the spatial resolution
in z to 
z
 350 m.
The inner and outer multi wire proportional hambers (CIP, COP) are loated at the
inner side of CIZ and the outer side of COZ. The CIZ (COZ) onsists of 60 (18)
segments in the z-diretion and of 16 setors in . Both are mainly used for triggering
purposes (see 4.1.2).
2.2.1.4 Forward Traking Chambers
The forward traking system overs the range of 5
Æ
<  < 25
Æ
. It is build up from 3 su-
per modules. Eah of these ontain a radial and a planar drift hamber, a proportional
hamber (FPC) and a transition radiation traker.
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Figure 2.6: Radial view of the entral traking system
2.2.1.5 Bakward Drift Chamber
The bakward drift hamber (BDC) is loated in front of the bakward alorimeter
SpaCal at z   142 m and overs the range in polar angle of 151
Æ
<  < 177:5
Æ
(see gure 2.4). The wires of the BDC are arranged in an otagonal form, whih form
four double-layers. These layers are rotated by 11:25
Æ
with respet to eah other (see
gure 2.7). The resolution of the trak polar angle is 

= 1:0 mrad  0:06
Æ
with a
systemati unertainty of 0:5 mrad  0:03
Æ
[50℄.
2.2.2 Calorimeters
The H1 detetor ontains several alorimeters in order to determine the energy of nal
state partiles. The two main alorimeters are the liquid argon alorimeter and the
spaghetti alorimeter.
2.2.2.1 Liquid Argon Calorimeter
The liquid argon alorimeter (LAr) surrounds the entral traking system (see g-
ure 2.8) and overs the entral and forward region (4
Æ
<  < 153
Æ
). In order to have
minimal dead material in front of the alorimeter, the LAr alorimeter diretly follows
the entral traking system, i.e. is plaed inside of the superonduting solenoid oil.
The LAr alorimeter is segmented in an inner eletromagneti part and an outer
hadroni part. In both parts liquid argon is used as ative medium. Liquid argon
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Figure 2.7: The shemati
view of the BDC shows the o-
tagonal form of the arrange-
ment of the signal wires and
the rotation of the four dou-
ble-layers.
Figure 2.8: The side view of the LAr alorimeter surrounding the forward and entral
traking system, the bakward drift hamber and the bakward alorimeter SpaCal are shown.
The alorimeter is strutured in an inner (eletromagneti) part (E) and an outer (hadroni)
part (H). In addition there is a segmentations into barrels: inner forward (IF), outer forward
(OF), entral barrel (CB) and bakard barrel eletromagneti (BBE).
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has high Z nulei and does not ath eletrons from ionisation. In the eletromag-
neti part 2:3 mm thik lead plates are used as absorbing material, while the hadroni
part ontains 16 mm steal plates. Lead is hosen beause of the high Z of its nulei.
Steal is used beause of the mehanial stability. The eletromagneti part amounts to
 20 30 radiation lengths and the total depth of the alorimeter is  5 8 interation
lengths.
The alorimeter is not ompensating, i.e. pions with the same energy as eletrons give
a redued energy response. The proles of eletromagneti and hadroni showers have
a dierent shape. The ne segmentation in the eletromagneti and hadroni part |
the alorimeter has  6:5 10
4
hannels | allows to distinguish the dierent showers by
the shape and therefore to orret the dierent energy response. The LAr alorimeter
provides a preise measurement of the energy of eletrons, photons and hadroni jets.
The energy resolution for eletromagneti showers is 
em
(E)=E = 12%=
p
E=GeV1%
and 
had
= 50%=
p
E
h
=GeV 2% for hadroni showers[51, 52, 53℄.
2.2.2.2 Spaghetti Calorimeter
The spaghetti alorimeter (SpaCal) [54℄ is loated in the bakward region (see gure 2.4
and gure 2.9) at about z   150 m. The inner radius is 6:5 m and the outer radius
is 80 m (gure 2.10). This orresponds to an angular aeptane in the polar angle of
153
Æ
<  < 177:5
Æ
.
Figure 2.9: The bakward region of the H1 detetor: bakward silion traker (BST),
bakward drift hamber (BDC), spaghetti alorimeter (SpaCal).
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Figure 2.10: r--view of the SpaCal
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The SpaCal is separated in an eletromagneti part and a hadroni part. Both parts
onsist of grooved lead plates as absorber with grooves ontaining sintillating bres.
These spaghetti like bres gave the alorimeter its name.
The sintillation light is guided by total reetion at both surfaes by the oating of the
bres. From the bres the light goes to light mixers and then to photomultipliers. Sine
the energy measurement depends strongly on the photomultiplier gain, it its important
to monitor any short-term utuations and long term drifts of the gain with a preision
of a few per mil. This is done by the light-emitting diode (LED) monitoring system,
whih onsists of LEDs onneted by optial bres to the light mixers and photodiodes.
Eah LED pulses several photomultipliers and its light output is ontrolled with a
photodiode. Eah photomultiplier is tested by two dierent LEDs. The shortest pulse
length has a rise time and a deay time of 10 ns. The monitoring system operates
usually at a rate of 1 Hz [54, 55℄.
The eletromagneti setion is built up from ells with a ross setion of 40:540:5 mm
2
in the xy-view mathing the Moliere radius of 25:5 mm. This allows good eletron-
pion separation and good position resolution. Taking the lateral dimensions of hadroni
showers into aount the ell ross setion in the hadroni part is 119:3 119:0 mm
2
.
The smallest mehanial unit of the eletromagneti setion are 2-ell modules. These
2-ell modules are ombined to square 16-ell modules, whih are the main building
bloks of the eletromagneti setion. Due to the lead-bre struture, the signal an
depend on the orientation of the absorber plates. This eet is alled hanneling and
auses the worsening of the energy resolution. The 2-ell modules are ombined to 16-
ell modules depending on the position of the 16-ell module so that dierent horizontal
or vertial orientations of the lead plates are ahieved. This minimises hannelling.
Due to the round shape of the SpaCal it is not entirely built out of 16-ell modules.
At the outer boarder the modules are redued in size aordingly. The entral module
of the eletromagneti setion around the beam pipe | the insert module | is also
adapted in shape (gure 2.11). It ontains 16 ells, where the four 8 mm thik ells
surrounding the beam pipe, are alled veto layer ells. With these veto layer ells
energy leakage into the beam pipe an be determined. The outer radius of the veto
layer ells is 65 mm and orresponds to   177:5
Æ
. A tantalum shielding protets the
ative detetor elements from synhrotron radiation.
The eletromagneti and the hadroni part dier in the thikness of the lead plates and
the diameter of the bres. The eletromagneti setion has 0:78 mm thik lead plates
and bres with a diameter of 0:5 mm. The hadroni part onsist of 1:9 mm thik lead
plates and bres with a diameter of 1 mm. This auses dierent a lead-to-bre ratios
of 2:3 : 1 by volume for the eletromagneti part and of 3:1 : 1 for the hadroni part.
The lead-to-bre ratios are a ompromise between improving the sampling term and a
more ompat alorimeter.
The 250 mm thik eletromagneti setion orresponds to 28 radiation length. The
energy leakage for 30GeV eletron showers is negligible. The hadroni part adds 1.02
interation lengths to the 1.0 interations length of the eletromagneti setion.
The spatial resolution for eletrons is 
xy
= (4:40:4) mm=
p
E=GeV+(1:00:2) mm,
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Figure 2.11: SpaCal:
r -view of the insert module
whih results in a resolution for the polar angle 

 2 mrad  0:1
Æ
.
Due to the small bre diameter in the eletromagneti part a high sampling frequeny
is obtained, whih gives an energy resolution of 
em
(E)=E = 7%=
p
E(GeV)  1%.
The energy resolution of the hadroni part is 
had
(E)=E  29%=(E=GeV) [56, 57℄.
The time resolution is (0:38 0:03) ns.
2.2.3 Muon System
The H1 experiment ontains two systems of muon detetors: the entral muon detetor
and the forward muon detetor.
2.2.3.1 Central Muon Detetor
The entral muon detetor (CMD) is part of the instrumented iron yoke, whih guides
the magneti eld of the main solenoidal oil. It overs the polar angle 4
Æ
<  < 175
Æ
and is used to detet muons with E

> 1:2GeV.
2.2.3.2 Forward Muon Detetor
The forward muon detetor (FMD) onsists of a toroidal magnet and three double-layer
drift hambers in front of and behind the magnet (see gure 2.12). The geometrial
aeptane is 4
Æ
<  < 17
Æ
.
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Usually the FMD [58, 59, 60℄ is used for the measurement of high energeti muons
(p

> 5GeV) in the forward region.
In this analysis the FMD is not used in order to detet muons, but to distinguish
between proton-elasti and proton-dissoiative events. The hadrons produed in a
proton-dissoiative event interat with the beam pipe and ause the prodution of
seondary partiles. These seondary partiles are deteted in the FMD. The sensitivity
of the FMD to proton-dissoiative events extends far beyond the geometrial aeptane
to low polar angles   0:15
Æ
[61℄. Sine the drift hambers behind the toroidal magnet
are aeted by synhrotron radiation, only the three drift hambers in front of the
magnet are used in order to tag proton-dissoiative events.
Figure 2.12: The positions of the forward muon detetors and the proton remnant tagger.
2.2.4 Proton Remnant Tagger
The proton-remnant-tagger (PRT) [62℄ is loated at z = 24 m and onsists of seven
double-layer plasti sintillators (see gure 2.13), whih are operated in oinidene.
The PRT overs the polar angle 0:06
Æ
<  < 0:25
Æ
and is used to detet the produts
of proton-breakup or the sattered proton itself. In this analysis the PRT is used to
distinguish between proton-elasti and proton-dissoiative events.
2.2.5 Time of Flight System
The time of ight system onsists of several sintillating detetors with high time
resolution. In order to introdue the nomenlature, rst the purpose of these detetors
is desribed.
One big soure of bakground events are events produed by the interation of beam
partiles with e.g. residual gas in the beam pipe. If the interation position is outside
the nominal interation region the produed partiles an have the wrong diretion of
ight ompared to partiles oming from the nominal interation region. To distinguish
suh partiles, detetors with a time resolution of the order of 1 ns measuring the time
of ight (ToF) are needed. The bunh rossing time denes a time slie for signal
2.2 The H1 Detetor 41
Figure 2.13: The gure
shows a shemati xy-view
of the proton-remnant-tagger
(PRT). In the entre the two
beam pipes for the proton and
eletron beams are marked.
The seven double-layer sin-
tillators are onneted to pho-
tomultiplies with light guides.
The numbers in the gure give
the hannel number of the
read out. [62℄
events. By heking this time slie with the ToF detetors additional bakground an
be rejeted.
The H1 experiment ontains the following ToF sintillators:
 The Forward-ToF is loated at z = 700 m and onsists of two layers of sintil-
lators perpendiular to the beam with a size of 20 60 m
2
.
 The Plug-ToF is part of the plug alorimeter at z = 530 m. The absorber plates
are interleaved with eight layers of sintillators with size 15 15 m
2
.
 The Forward Interation Timer (FIT) is loated at z = 270 m. The sintillator
extends to r = 25 m.
 The inner veto wall is loated near the beam at z =  650 m and extends over
100  90 m
2
. The outer veto wall is plaed at z =  810 m and has a size of
500 400 m
2
.
 The VLQ-ToF is part of the "Very Low Q
2
" detetor (VLQ) at z =  320 m near
the beam pipe. The VLQ-ToF onsists of two layers of sintillators extending to
r = 16 m. The two layers are operated in oinidene [63℄.
In addition also the SpaCal provides ToF information.
2.2.6 Luminosity System
The luminosity system onsist of two small alorimeters: the eletron tagger and the
photon tagger. The eletron tagger is loated at z =  33:4 m and the photon tagger
is loated at z =  102:9 m (see gure 2.14). The two alorimeters use TlCl and TlBr
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rystals as sintillators. The eletron tagger has a ross setion of 154 mm 154 mm
in the xy-plane and the photon tagger of 100 mm 100 mm.
The two alorimeters are operated in oinidene in order to detet the eletrons and
photons produed in the Bethe-Heitler proess ep ! ep. This proess is used as a
referene to determine the luminosity, whih depends on the atual beam onditions.
The ross setion of the Bethe-Heitler proess is preisely alulable within quantum
eletro dynamis (QED). In addition the ross setion is large enough to provide suÆ-
ient statistis. The luminosity system provides an online (oine) measurement of the
relative luminosity with an auray of  5% s
 1
( 2% s
 1
). The main bakground
for the luminosity measurement arises from the residual gas in the beam pipe by the
proess eA ! eA. This bakground is expeted to be 10% of the total ep ! ep
rate and is determined using data from eletron pilot bunh events (see setion 2.1).
Further details of the determination of the luminosity at H1 an be found in [64℄.
Figure 2.14: a) The position of the eletron tagger (ET) and the photon tagger (photon
detetor = PD) with respet to the nominal interation point (IP) is shown. b) A xy-view
of the ET and the eletron beam pipe is shown. ) The PD is proteted from the high
synhrotron radiation ux by a water

Cerenkov veto ounter (VC) and a lead lter (Filter).
In the HERA tunnel the proton beam is separated from the eletron beam. The proton ring
is above the eletron ring. The vertial distane between the beams at z =  103 m is visible
in the piture.
Chapter 3
J= Event Topologies
In this thesis the deay of the J= to e
+
e
 
is used for the analysis.
1
Aording to the
detetor regions where the deay eletrons are deteted the events an be lassied into
three topologies (see gure 3.1):
 trak-trak topology: The two deay eletrons enter the entral part of the de-
tetor, where they are deteted as traks in the entral traking detetor and
orresponding energy depositions in the LAr alorimeter.
 trak-luster topology: One of the deay eletrons enter the entral part of the
detetor, where it is deteted as a trak in the entral traking detetor with a
orresponding energy deposition in the LAr alorimeter. The other deay eletron
enters the bakward region, where it is deteted as an energy deposition in the
SpaCal and hits in the BST.
 luster-luster topology: Both deay eletrons enter the bakward region of the
detetor, where both are deteted as an energy deposition in the SpaCal and hits
in the BST.
(a) (b) ()
Figure 3.1: The three event topologies of the J= deay to e
+
e
 
are shown: (a) trak-trak
(40GeV < W
p
< 150GeV), (b) trak-luster (135GeV < W
p
< 235GeV) and () lus-
ter-luster (205GeV < W
p
< 305GeV).
1
J= deays with hadrons in the nal state are not used, beause of a high ontamination from
bakground events. The J= deay in a 
+

 
pair is disussed later in this setion.
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The regions of the detetor where the deay eletrons will be registered depend on the
boost of the J= relative to the laboratory system. In the photoprodution regime the
z-axis is a very good approximation for the diretion of the boost. A diret handle
for the boost is therefore the photon-proton entre-of-mass energy W
p
. In gure 3.2
the W
p
distributions from simulation
2
for the three topologies are shown. The distri-
butions demonstrate, that the trak-trak, trak-luster and luster-luster topologies
over the low, middle and high regions of the W
p
range, respetively.
1
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en
ts
Figure 3.2: The W
p
dis-
tributions from simulation
for the trak-trak (dashed
line), trak-luster (solid
line) and luster-luster
topologies (dotted line) are
shown.
This analysis onentrates on high photon-proton entre-of-mass energies W
p
where
the data were previously limited in statistis. The high W
p
regime orresponds to
to the trak-luster and luster-luster topologies. Detailed event displays for these
topologies are shown in gure 3.3.
For trak-luster and luster-luster topologies at least one deay eletron enters the
bakward region of the H1 detetor. In this region the momentum of muons annot be
determined. Therefore the deays of J= mesons into 
+

 
pairs are not used in this
analysis.
The experimental signature of the J= events is the detetion of their deay eletrons.
In order to give an impression of the properties of the deay eletrons their angle and
energy distributions from simulation are shown for the trak-luster and the luster-
luster topologies in gure 3.4 and gure 3.5, respetively. These properties are taken
into aount in order to selet the J= events during data taking, whih is the topi of
the next hapter.
No detetor information exists to unambiguously separate of the proton-elasti and
low mass proton-dissoiative J= prodution. For both hannels the proton or low
mass proton-breakup leaves the detetor either undeteted or auses a detetor signal
in the following forward detetors: the inner forward region of the LAr alorimeter
(see setion 2.2.2.1), the FMD (see setion 2.2.3.2) and the PRT (see setion 2.2.4).
Detetor signals an also be aused by noise. Events with a signal in one of the
forward detetors are alled fwd.-tagged. The others are alled fwd.-untagged. For
the determination (see setion 8.5) of the 'true' number of proton-elasti and proton-
dissoiative events, the frations of proton-elasti and proton-dissoiative events in the
2
In this setion results from the simulation of proton-elasti J= photoprodution are shown. The
subjet of simulation is presented in hapter 5.
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(a) J= trak-luster event
(b) J= luster-luster event
Figure 3.3: Event displays of a J= trak-luster event (a) and a J= luster-luster event
(b) from data of the year 2000 are shown. In the four subpitures a side-view and radial-view
of the H1 detetor, a zoomed radial view of the BST and a zoomed radial view of the SpaCal
are presented. For the SpaCal lusters the BST traks are shown in the side-view and the
zoomed radial-views.
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Figure 3.4: For the trak-luster topology the distributions of the polar angle , the energy
E, the transverse momentum p
t
and the dierene  of the azimuthal angles of the J= 
deay eletrons and the distribution of the kinemati variable t are shown. Events from the
simulation of proton-elasti J= photoprodution are used. The deay eletrons are sorted
by : the index 1 refers to the trak-eletron and the index 2 to the luster-eletron.
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Figure 3.5: For the luster-luster topology the distributions of the polar angle , the energy
E, the transverse momentum p
t
and the dierene  of the azimuthal angles of the J= 
deay eletrons and the distribution of the kinemati variable t are shown. Events from the
simulation of proton-elasti J= photoprodution is used. The deay eletrons are sorted by
: the index 1 refers to the luster-eletron with lower  and the index 2 to the luster-eletron
with higher .
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fwd.-untagged and fwd.-tagged samples are used. These frations are determined by
simulation (see setion 6.4.3).
Chapter 4
Trigger System
The purpose of the trigger system is to selet interesting events in a fast way during
data taking and to start the omplete read out of these seleted events.
The read out rate is limited by the bandwidth available for the data transfer to mass
storage devies. A full read out of the H1 experiment takes  1 ms. During this time
the experiment is not sensitive, i.e. the read-out-time ontributes to the dead-time of
the experiment. Due to the limited transfer rate
1
and the aim for small dead-time the
trigger system is needed.
The interesting events are physis events, i. e. those oming from ep-interations
2
. At
HERA the ep-interations ause mainly photoprodution events, whih have a ross
setion of several b. This leads to a rate of about 20   30 Hz at design luminosity.
Events with e.g. high Q
2
, where the beam eletron is sattered to the LAr-alorimeter,
have a rate of a few Hz.
Bakground events ome from non ep-interations. The rate of bakground events is
 100 kHz and thus exeeds the rate of ep-interations by several orders of magni-
tude. The main soures of bakground events are: beam-gas interations, beam-wall-
interations, synhrotron radiation, osmi radiation, whih are desribed in the follow-
ing: The dominant soure of bakground events are ollisions of the beam protons with
atoms of the residual gas ( 10
 1
Pa) in the beam pipe (beam-gas interations). Using
the ross setion of pp-sattering the rate of beam-gas interations an be estimated
to 100 kHz for a proton beam urrent of 100 mA. Protons from the halo of the proton
beam interat with the beam pipe or parts of detetors (beam-wall interations). They
are topologially very similar to beam-gas interations. The beams are adjusted with
magnets. This auses synhrotron radiation emitted by the beam eletrons
3
. Using
ollimators a large fration of this bakground an be rejeted. Muons from osmi
1
Using the read-out-time of  1 ms and the average size of a raw event of  110 kByte (see
setion 4.4) the data rate an be estimated to  107 MByte= s. This is muh larger than the possible
transfer rate to mass storage of  10events= s, whih orresponds to  1:1 MByte= s.
2
Also some speial events from non ep-intrations are interesting. E.g. muon events from osmi
radiation (a straight muon passing through the full detetor) are used for the alignment of the detetor
and events from pilot-bunhes (see setion 2.1) are used for bakground studies.
3
Synhrotron radiation of the beam protons is strongly suppressed by the large mass of the protons.
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radiation hit the detetor with a rate of  1 kHz. Using topologial requirements, like
a vertex near the nominal interation point, these events an be eÆiently rejeted.
In order to ope with the high rate of bakground events ompared to physis events
H1 is using a 4 level trigger system (see gure gure 4.1): Level 1 and 2 are hardware
trigger levels and level 3 and 4 are software trigger levels. In the years 1999 and 2000
the level 3 was not used.
Detetor omponents (subdetetors) provide fast trigger information for eah bunh
rossing, i.e. every 96 ns. This information is stored in pipelines in order to provide a
dead-time free level 1 trigger. With a lateny of about 2:3 s a level 1 trigger deision
is derived.
After a positive L1 deision the read out of the detetor is started and the level 2
trigger starts to build its deision. At this point the primary dead-time starts. No
further level 1 triggers are aepted until the read out is ompleted or aborted by a
fast lear signal due to a negative deision of the level 2 trigger. The level 2 trigger has
to provide a deision after 20 s in order to ope with a maximum rate of 1   2 kHz
from level 1 while keeping the dead time below 2%.
After a positive level 2 deision the full event information is sent to the trigger level 4.
The trigger level 4 is a proessor farm, where a full event reonstrution is performed
and the nal deision for permanent storage of the event is taken. The maximum
input rate for level 4 is 100 Hz and the output rate is limited to about 10 Hz due to
the bandwidth for writing on permanent storage.
In order to take the dierent onditions during a luminosity ll into aount, dierent
settings for the trigger system exist. These dierent settings are alled trigger phases.
In the following setions the trigger levels are desribed in more detail.
4.1 Level 1
Most of the subdetetors provide fast trigger information for eah bunh rossing. The
resulting information pakages are alled level-1-trigger-elements (L1TE). There are
196 L1TEs. Due to the dierent tehnologies used in the dierent subdetetors, it
takes dierent amounts of time for dierent subdetetors to reate their L1TEs. For
example the maximum drift time in the CJC is  1 s and the maximum of the trigger
signal of the LAr-alorimeter-trigger is reahed after 1:4 s [65℄. In order to ope with
the dierent limits due to physis and eletronis the L1TE information is stored in
pipelines, whih an hold the information for up to 30 bunh rossings
4
.
After the synhronisation of the L1TE information originating from one bunh rossing
this information is used to form 128 raw level-1-subtriggers (raw L1ST) by logial
ombinations.
From the raw L1ST the atual L1ST are formed taking presale ounters into aount,
i.e. only for eah n-th ativated raw L1ST the atual L1ST is ativated, where n is the
4
Usually only 24 plaes are oupied.
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Figure 4.1: The trigger system and data taking system of the H1 detetor: dashed lines
show signals, solid and dashed-dotted lines show the ow of data. For the trigger levels the
maximum input rates are given. The trigger level 3 was not used in the running periods 1999
and 2000. An overview of the trigger system is presented in the beginning of hapter 4. The
detailed desription of the dierent trigger levels is given in the setions 4.1 (L1), 4.2 (L2),
4.3 (L4) and 4.4 (L5).
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presale fator spei for eah single L1ST. This is the simplest method to redue the
rate of a raw L1ST.
If one of the 128 atual L1ST res, the level 1 trigger sends the signal L1Keep. The
level 1 trigger deision is obtained after 2:3 s (24 bunh rossings). Due to the usage
of pipelines this time is just a lateny but does not reate dead-time.
The L1Keep signal auses that no further level 1 triggers are aepted. All L1TE
information is sent to the level 2. Now the dead-time of the experiment starts.
In the following setions the trigger systems of the subdetetors (subdetetor triggers)
and trigger elements important for this analysis are desribed. Sine the trigger level 2
uses the full information of the level 1 trigger as input, these quantities are also de-
sribed at the level 1 trigger systems, whih reate them.
After the desription of the trigger elements the subtriggers built up from them are
explained.
4.1.1 DCr Trigger Elements
The entral drift hambers CJC1 and CJC2 (see setion 2.2.1.3) provide trigger infor-
mation, whih onsists of fast information about trak andidates in the r plane. The
system is alled Drift Chamber r-trigger (DCr-trigger).
The DCr-trigger uses 10 out of the 56 wire layers of the CJC1 and CJC2 drift ham-
bers. The signals are digitised and ompared to 10
4
masks in order to identify trak
andidates. There are masks for traks of positively and negatively harged partiles
with high (p
t
> 800MeV) and low (400MeV < p
t
< 800MeV) transverse momentum.
The masks are only ativated, if the distane of losest approah (DCA) of the trak
to the z-axis is less than 2 m. By this the bakground from beam-wall-events and
synhrotron radiation is massively redued.
The number of mathing masks for eah ombination high/pos, high/neg, low/pos
and low/neg is ounted in 45 setors in . With this information the DCr-trigger
builds several level 1 trigger elements. The trigger elements used in this analysis are
listed in table 4.1.
4.1.2 z Vertex Trigger Elements
The multi wire proportional hambers CIP, COP (see setion 2.2.1.3) and FPC (see
setion 2.2.1.4) are used for a simple and fast validation of traks on trigger level 1.
Espeially the impat points on the z-axis are estimated. Therefore the system is alled
the z Vertex trigger.
CIP and COP have eah 16 segments in  and together 4 layers in r. If three or four
segments in one -setor give signals, a ray is formed. All rays are extrapolated to the
z-axis. The impat positions are lled into the z vertex histogram (see gure 4.2),
whih has 16 bins and overs the entral z-region of jzj < 43:9 m. For forward trak
andidates also information from the FPC is used.
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Trigger Information from the DCr Trigger
name desription
L1TE DCRPh Ta al least one DCr mask ativated
L1TE DCRPh T al least  = 3 DCr masks ativated
L1TE DCRPh THig at least 1 mask for a trak with p
t
> 800MeV
ativated
L1TE DCRPh NL many at least 20 negative low momentum trak andi-
dates are found
L1TE DCRPh NH many at least 20 negative high momentum trak andi-
dates are found
L1TE DCRPh PL many at least 20 positive low momentum trak andi-
dates are found
L1TE DCRPh PH many at least 20 positive high momentum trak andi-
dates are found
L2 input trtot total number of masks ativated
Table 4.1: Desription of the L1 trigger elements of the DCr trigger and the input quantities
for level 2 used in this analysis.
In addition a bitmap of the rays is reated. This bitmap is alled bigray-bitmap and
has 16 segments in  and 14 segments in .
The trigger elements used in this analysis are shown in table 4.2.
Trigger Information from the z Vertex Trigger
name desription
L1TE zVtx T0 at least one ray
L1TE zVtx mul< 2 not more than 5 entries in the z vertex histogram
(zVtx mul is an enoded number.)
L2 input pvmax maximum entry in z vertex histogram
L2 input pvsum sum of entries in z vertex histogram
L2 input nbigbwd number of rays in the most bakward -bins 11,
12, 13 of the bigray-bitmap
L2 input nbigray total number of rays the bigray-bitmap
Table 4.2: Desription of the L1 trigger elements of the z vertex trigger and the input
quantities for level 2 used in this analysis.
4.1.3 LAr Trigger Elements
The LAr alorimeter (see setion 2.2.2.1) also provides trigger information. The LAr
trigger is one of the most important subdetetor triggers of the H1 experiment. This
trigger is essential for triggering events with high Q
2
or missing transverse momentum.
A detailed desription of the powerful LAr trigger an be found in [65℄.
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Figure 4.2: Signals of the CIP, COP and FPC are used to build rays. These rays are extrap-
olated to the z-axis. The impat points of the rays are lled into the z vertex histogram.
The energy deposition of the eletron trak in trak-luster events is too small for an
eÆient use of LAr trigger elements. But some bakground events deposit suÆient
energy in the inner forward part of the LAr alorimeter [66℄. The LAr trigger element
larife (see table 4.3) ontains the energy in the inner forward part (see gure 2.8)
and is used as input to trigger level 2 in order to suppress bakground events.
Trigger Information from the LAr Trigger
name desription
L2 input larife energy in the inner forward part of the LAr
alorimeter
Table 4.3: Desription of the input quantities for level 2 from the LAr trigger used in this
analysis.
4.1.4 SpaCal Trigger Elements
The eletromagneti and hadroni ells of the SpaCal (see setion 2.2.2.2) are used to
provide trigger information for three dierent energy thresholds. The trigger informa-
tion also inludes a oarse position information.
The basi building bloks of the eletromagneti part of the SpaCal are 40:540:5 mm
2
ells. For the trigger 2 2 ells are grouped together, their analog signals are summed
up and so alled analog-sums are reated. 2  2 analog-sums are again grouped to
trigger modules. The trigger modules overlap. Eah analog-sum is therefore part of
four trigger modules (see gure 4.3). Due to the overlap eah eletromagneti shower
is fully ontained in one trigger module [67℄.
If the SpaCal would be quadrati, there would be 20 20 trigger modules. Due to the
irular shape of the SpaCal only 308 real trigger modules exist, the others are set to 0.
Comparing the signals of the trigger modules with three energy thresholds 0:5GeV,
1:7GeV and 5:2GeV [68℄ the SpaCal Intrinsi Eletron Trigger bits (SIET) are built.
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Taking the 20  20 SIET bits and grouping them in groups of 4  4 the 5  5 Loal
Intrinsi Eletron Trigger bits (LIET) are ahieved (see gure 4.4). The grouping is
done for all three energy thresholds separately. Performing a logial or on all LIET
bits (with exeption of the entral LIET module surrounding the beam pipe) three
global trigger elements for the dierent thresholds are derived.
The good time resolution of  0:4 ns is used to rejet upstream beam-related bak-
ground. These bakground events have a dierene in their time-of-ight of  10 ns
with respet to events originating from the nominal interation point. With this
method a part of the high rate beam-gas and beam-wall bakground aused by the
proton beam an be rejeted on trigger level 1.
The trigger elements used in this analysis are shown in table 4.4. From the hadroni
SpaCal only time-of-ight trigger elements are used.
Trigger Information from the SpaCal Trigger
name desription
L1TE SPCLe IET> 1 global trigger element for the middle energy
threshold
L1TE SPCLe IET> 2 global trigger element for the high energy thresh-
old
L1TE SPCLe IET Cen 3 the entral LIET bit for the high energy threshold
L1TE SPCLh AToF E 1
SPCLh ToF E 2
energy deposition in the hadroni part of the
SpaCal at a time, whih does not orrespond to
an ep-interation
L2 input spent1 number of SIET bits ontributing to the entral
LIET bit for the low energy threshold
L2 input spent3 number of SIET bits ontributing to the entral
LIET bit for the high energy threshold
L2 input splli
splhj
bit paked information from the SIET bits for the
medium threshold (i 2 f0::31g n f6g,j 2 f0::31g n
f4; 6g)
Table 4.4: Desription of the L1 trigger elements of the SpaCal trigger and the input quantities
for level 2 used in this analysis.
4.1.5 Time-Of-Flight Trigger Elements
In this setion the level 1 trigger elements, whih are used as a veto against bakground
events are olleted. The trigger elements are built from information of the time-of-
ight system (see setion 2.2.5) and tag events where the detetor response orresponds
to the time window of a rossing of an eletron-bunh with a proton-bunh or not. The
ToF L1TEs used in this analysis are listed in table 4.5.
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Figure 4.3: A shemati view of the SpaCal ells, the analog-sums and the trigger modules
is shown. The small squares are the SpaCal ells (solid and dashed lines). 2  2 ells are
grouped together (solid lines). Their analog signals are summed up and a so alled analog-sum
is reated. Four of the analog-sums build a trigger modules (SIET bits) (shaded squares).
The trigger modules overlap. Therefore one analog-sum (marked by ) is taken into aount
for four trigger modules.
Figure 4.4: The segmenta-
tion of the SpaCal into SIET
bits is shown. For simpli-
ity the overlap of the trig-
ger modules is not show. For
eah trigger module only the
left lower analog-sum | the
one marked by  in gure 4.3
d) | is drawn. This auses
an asymmetry in the presen-
tation. Therefore in the pi-
ture the beam pipe (marked
by a irle) is slightly shifted
from the entre. 4  4 SIET
bits are ombined to a LIET
bit. This is indiated by
the dashed lines. The en-
tral LIET bit is highlighted
by the dark shaded squares.
Due to the overlap of the trig-
ger moduls also the 8 adjaent
SIET bits ontain information
from the SpaCal insert mod-
ule (see gure 2.11).
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Trigger Information from ToF Triggers
name desription
L1TE PToF IA PLUG ToF hit interation time window
L1TE FToF IA forward ToF hit in main proton time window
L1TE FToF BG forward ToF hit in late satellite time window
L1TE VETO Inner BG inner veto wall proton related bakground timing
L1TE VETO Outer BG outer veto wall proton related bakground timing
L1TE VLQToF BG VLQ ToF hit proton time window
Table 4.5: Desription of the L1 trigger elements of the time-of-ight system used in this
analysis.
4.1.6 Level 1 Subtriggers
Level 1 subtriggers (L1ST) are logial ombinations of L1TEs (see previous setions).
In this setion the L1STs are desribed, whih are used to selet the trak-luster and
luster-luster events. In order to take into aount the dierent event topologies of
the trak-luster and luster-luster samples (see setion 3), dierent level 1 trigger
elements are used and ombined to subtriggers.
The signature of the trak-luster sample is a trak in the entral region of the detetor
and a luster in the SpaCal. In order to selet the trak the L1TE DCRPh Ta is required,
whih implies that at least one DCr mask is ativated. In addition multi trak events
are suppressed by the L1TE zVtx mul < 2, whih is rejeting events with more than
5 entries in the z vertex histogram. In order to selet the luster in the SpaCal a
radius dependent energy riterion is used: In the entral region the high threshold is
required (L1TE SPCLe IET CEN 3) and for the non-entral region the middle energy
threshold is required (L1TE SPCLe IET > 1). In order to suppress bakground events
from non eletron-proton bunh rossings additional veto L1TEs are used. The L1TEs
are ombined by logial operations to the L1ST S33 (see table 4.6).
For the trak-luster sample in addition the L1ST S61 is used as an independent mon-
itor trigger for the trigger level 2. The trak requirement for the S61 is the L1TE
DCRPh THig, whih requires that at least 1 mask for a trak with p
t
> 800MeV is
ativated. The luster is seleted by the L1TEs SPCLe IET > 2 and SPCLe IET Cen 3,
whih require an energy deposition in the SpaCal passing the high threshold. The for-
mal denition of the L1ST S61 with the additional veto trigger elements an be found
in table 4.6.
The signature of the luster-luster sample are two lusters in the SpaCal and an
'empty' entral detetor. The lusters in the SpaCal are seleted by the L1TE SPCL IET
> 1. In order to have an 'empty' entral detetor a veto on more than 2 ativated DCr
masks is applied by the negated L1TE :DCRPh T. Also here additional veto L1TEs
are used. The reated L1ST is alled S40 (see table 4.6).
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S33
i
= S33
C
^ S33
V i
(i 2 f0; 1; 2g)
S33
C
= ((SPCLe IET > 1) _ SPCLe IET CEN 3) ^ (zVtx mul < 2) ^ DCRPh Ta
S33
V 0
= :SPCLh AToF E 1 ^ :SPCLh ToF E 2^
:VETO inner BG ^ :VETO Outer BG ^ :VLQToF BG)^
:(DCRPh NL many ^ DCRPh NH many ^ DCRPh PL many ^ DCRPh PH many)
S33
V 1
= S33
V 0
^ (FToF IA _ :FIT BG)
S33
V 2
= S33
V 0
^ ((FToF IA _ FIT IA) _ (:FToF BG ^ :FIT BG))
S40
i
= S40
C
^ S40
V i
(i 2 f0; 1; 2g)
S40
C
= SPCL IET > 1 ^ :DCRPh T
S40
V 0
= (zVtx mul < 7) ^ :SPCLh AToF E 1 ^ :VLQToF BG^
:VETO inner BG ^ :VETO Outer BG
S40
V 1
= S40
V 0
^ (FToF IA _ :FToF BG)
S40
V 2
= S40
V 0
^ ((FToF IA _ FIT IA) _ (:FToF BG ^ :FIT BG))
S61
i
= S61
C
^ S61
V i
(i 2 f0; 1; 2g)
S61
C
= DCRPh THig ^ ((SPCLe IET > 2) _ SPCLe IET Cen 3)
S61
V 0
= :SPCLh AToF E 1 ^ :SPCLh ToF E 2^
:VETO inner BG ^ :VETO Outer BG ^ :VLQToF BG)^
:(DCRPh NL many ^ DCRPh NH many ^ DCRPh PL many ^ DCRPh PH many)
S61
V 1
= S61
V 0
^ (FToF IA _ :FIT BG)
S61
V 2
= S61
V 0
^ ((FToF IA _ FIT IA) _ (:FToF BG ^ :FIT BG))
Table 4.6: The denition of the level 1 subtriggers S33, S61 and S40 is shown. Eah subtrigger
is built up from a "ore" part (C) and a set of veto onditions (V ). The dierent veto
onditions pay attention to the hanging detetor status in dierent run periods. This is
indiated by the index i. A detailed list of the hanges to the L1 subtriggers an be obtained
from [69℄. The trigger elements are desribed in the tables 4.1, 4.2, 4.4, 4.3 and 4.5. For an
informal desription of the subtriggers refer to the text.
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4.2 Level 2
The input for the trigger level 2 (L2) is the information, whih is used to build the
level 1 trigger elements. The rst possibility to have all this information available in
one plae is the trigger level 2. Here for the rst time orrelations between the various
inputs an be exploited.
The level 2 trigger must built its deision within 20 s. In order to ope with the time
onstraints, on the trigger level 2 inherent parallel mahines are used. Two dierent
systems are implemented: the Level-2-Topologial-Trigger (L2TT) and the Level-2-
Neural-Network-Trigger (L2NN). The L2TT exploits the orrelations by onventional
matrix operations and logial ombinations. This analysis uses only the L2NN.
The L2NN uses a freely programmable parallel hardware, whih is mainly used to
evaluate feed-forward-neural-networks (FFNN). FFNN have been proven to be a very
good tehnique in solving pattern reognition problems. In addition FFNN an be
implemented easily on parallel hardware. An introdution into the subjet of neural
networks is given in setion 4.2.1. Besides the FFNN also a speial parallel algorithm is
evaluated (see setion 4.2.4). The hardware of the L2NN is desribed in setion 4.2.2.
The algorithm and parameters of the two L2STs used in this analysis are presented in
setion 4.2.3 and setion 4.2.4.
Eah of the two level 2 trigger systems (L2NN, L2TT) reates 16 trigger deisions, the
level 2 trigger elements (L2TE). The L2TE are ombined with logial expressions to
raw level 2 subtriggers (raw L2ST). While the transformation from the L2TE is just
a opy proedure for the L2NN, the L2TT is using the logial ombinations heavily.
Taking possible presale fators into aount the atual L2ST are formed from the raw
L2ST.
Eah of the atual L2STs is used to validate a set of atual L1STs. Tehnially this is
done by a logial vetor matrix multipliation. Usually a L1ST with high eÆieny for
physis events has an intolerably high rate. Using the full trigger information the level 2
trigger therefore has the task to redue the exess bakground rate in this subtrigger
without reduing the eÆieny for the hosen physis hannel. L1ST, whih are not
assoiated with a L2ST of the L2NN or L2TT, are validated by an artiial L2ST,
whih res for eah event.
If one L1ST is validated by a L2ST, the signal L2-keep is sent, the detetor read out
is not aborted and the event is passed to the trigger level 4. If no L1ST is validated, a
fast lear signal is sent and the trigger level 1 is ativated again.
4.2.1 Introdution to Neural Networks
This setion is a brief introdution to neural networks. A more detailed introdution
an be found e.g. in [70℄.
A neural network is dened as a set of onneted neurons. The mathematial denition
of a neuron is a nonlinear funtion f : R
n
! R, whih maps a high dimensional input
to one dimension.
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A biologial neuron gets many inputs x
i
(i 2 f1; ::; ng), whih are weighted with the
weights w
i
and summed up. The result is ompared with a threshold w
0
:
f
l
w
(x) :=
n
X
i=1
w
i
x
i
  w
0
(x 2 R
n
and w 2 R
n+1
) : (4.1)
Using a nonlinear funtion, alled the transfer funtion, the "ativation" f
w
2℄0; 1[ is
reated. A onventional hoie for the transfer funtion is the sigmoid funtion
s() =
1
1 + e
 
( 2 R) ; (4.2)
whih leads to
f
w
(x) := s(f
l
w
(x)) (x 2 R
n
and w 2 R
n+1
) : (4.3)
This denition of a neuron is alled a pereptron. The spae is divided by the plane
into two regions: fx 2 R
n
jf
l
w
(x) > 0g and fx 2 R
n
jf
l
w
(x)  0g. Applying the sigmoid
funtion s this separation is represented by the two regions: fx 2 R
n
jf
w
(x) > 0:5g and
fx 2 R
n
jf
w
(x)  0:5g. The dierene of f
w
(x) from 0:5 gives a handle on the distane
of x to the separating plane.
Taking again nature as a paradigm a speial hoie for the onnetions between the
neurons is made. All neurons are arranged in layers. The neurons of the rst layer
get x 2 R
n
as input. The outputs of the neurons of the rst layer are passed to the
neurons of the seond layer as inputs (see gure 4.5). This proedure an be repeated
until the outputs of the nal layer are taken as the output of the neural network. Due
to this arrangement information is proessed forward through the layers. This network
topology is alled feed forward neural network (FFNN) ormulti layer pereptron (MLP).
A large part of the ortex of the human brain for example has this feed forward topology
with 6 layers [70℄ and in total 3  10
10
  10
11
neurons [71℄.
Now the problem how to onstrut a neural network and to determine the weights
is approahed. Again nature gives a lue for solving this problem by looking at the
following example. If a pupil should learn "voables" (x
j
; o
j
) 2 R
n
 R
m
(j 2 f1; ::g)
this ould be done under the supervision of a teaher. The teaher presents the pupil a
"word" x
j
and asks for the answer. If the answer is right, i.e. o
j
, the teaher lauds the
pupil. If the answer is false, the teaher orrets the pupil. By this supervised training
proedure the pupil gets the "voables" trained.
Transferring this to the neural networks, the multi layer neural network with n inputs
and m outputs is represented by the funtion
N
w
: R
n
! R
m
: (4.4)
where w 2 R
p
are the weights of all neurons in all layers. The dimension p depends
on the number of layers and on the number of the neurons in the layers. The error
funtion
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Figure 4.5: In a feed-forward-neural-network (FFNN) the neurons are arranged in layers.
The output of the neurons in one layer is taken as input for the next layer. The FFFN shown
ontains three layers: the input layer with N0 neurons, the hidden layer with N1 neurons
and the output layer with N2 neurons. Eah neuron of the hidden and output layer performs
an operation of the form f
w
with dierent weights w for eah neuron. The weights and the
ow of information is represented by the arrows. The nodes with ontent 1 are added in order
to be able to handle the thresholds for the neurons in a oherent piture.
E
w
(x
j
; o
j
) :=


N
w
(x
j
)  o
j


2
 0 ((x
j
; o
j
) 2 R
n
 R
m
and j 2 f1; ::g) (4.5)
desribes the dierene between the orret answer o
j
and the network result N
w
(x
j
).
In order to "laud" or "orret" the neural network the weights w have to be adjusted.
This is done by minimising the error funtion. The neural network N
w
is built up
from funtions of the type f
w
. Therefore N
w
is dierentiable. A usual gradient desent
method
w ! w   
E
w
(x
j
; o
j
)
w
(4.6)
with a step size (learning parameter)  an be improved taking the layer struture
of the neural network into aount. Beginning with the last layer for eah layer the
derivatives E
w
=w are alulated. The error N
w
(x
j
)   o
j
is therefore bakwards
propagated through the network: bak propagation algorithm (BPA) [72℄. The training
of a neural network an also be interpreted as a funtion approximation problem.
For the training of the neural network the data (x
j
; o
j
) 2 R
n
 R
m
(j 2 f1; ::g) is
separated into two parts: the training data and the test data. With the training data
the neural network is trained as desribed above. With the independent test data the
performane
5
of the network is ontrolled during the training. Also the very important
feature of neural networks, the generalisation, the response to unknown inputs, is
tested.
5
One handle on the performane of a FFNN is the eÆieny versus rejetion plot (see gure 4.7)
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Aording to the theorem from Kolmogorov (1957) (see [70℄) eah multi layer FFNN
an be represented by a FFNN with only one hidden layer. While this is simplifying the
network struture and usually also the training, it also inreases the number of neurons
in one layer, whih has to be taken into aount for a hardware implementation.
There are many methods to improve the performane of a neural network. The simplest
is the variation of the training parameter  or the start weights w. Also the number
of intermediate layers (hidden layers) and the number of the nodes ontained in them
(hidden nodes) an be varied. The number of hidden nodes determines the total number
of weights, whih are the free parameter in the training. As rule of thumb the number
of free parameters should not exeed a tenth of the size of the training sample. With
higher number of free parameters the network learns the training data "by heart", but
the generalisation beomes worse. Sine a high generalisation with a high number of
orretly lassied data is aimed for, the number of hidden nodes should be kept small.
Not all omponents of the input data x
j
are neessarily important to derive the out-
put o
j
. The seletion of the important omponents x
j
i
is essential in order to ahieve
neural networks with a good performane. The redution of the dimension of the input
data also redues the number of free parameters. This redution an also be performed
by speial preproessing of some input data. Further information about the supervised
training of neural networks an be found in [34℄.
In ontrast to the supervised learning methods for the two lass problem, also unsuper-
vised learning methods for one or multiple lass problems exist. One appliation would
be e.g. the enapsulation of bakground events [73℄. Unsupervised learning methods
have the advantage of evading possible bias in the seletion of a spei physis lass for
training against the bakground. Unsupervised methods are not used in this analysis.
4.2.2 Hardware of the Level-2-Neural-Network-Trigger
All neural networks used in the L2NN trigger are feed-forward neural networks with
one input layer, one hidden layer and one output layer. The output layer ontains only
one neuron. Therefore the hallenge is not the neural network arhiteture, but the
hardware implementation of the neural network and the input and preproessing of
detetor data to usable input variables for the neural networks. In addition to FFNN
also a speial parallel algorithm is evaluated on L2NN.
In this setion the hardware of the L2NN trigger is desribed. The desription proeeds
as the data stream goes from the level 1 system through the data preproessing and
the evaluation of the neural networks to the building of the level 2 trigger elements. A
more detailed desription of the hardware of the L2NN an be found in [74℄.
The trigger information of the various level 1 subsystems arrive in dierent formats
(e.g. alorimetri energy sums, traker vertex histograms, traker rays (bits in the
-plane), bit oded muon hit maps, et.) on eight 10 MHz-buses with a width of 16
bits eah: the L2-bus. The maximal amount of data per subsystem is 512 bits. This
orresponds to a transmission time of 3:072 s.
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The input and preproessing of the data is performed by data distribution boards
(DDB), whih listen to the L2-bus. In order to deal with the dierent formats of the
data, eah DDB is able to pik up a freely hooseable set of items from the L2-bus. On
these items 8 bit 7! 8 bit look-up tables (LUT) an be applied. LUTs for a bit ounter,
a single bit position nder and a dynami range redution table (overow handler) are
up to now implemented. After the LUT high and low bytes may be summed up. Any
individual DDB an be initialised to perform a dierent preproessing. Eah DDB
prepares at most 64 preproessed 8 bit words, whih are then sent diretly to the loal
bus of the neural network boards via a speially developed so alled mezzanine board
in order to ope with the time onstraint.
The networks are evaluated on the neural network boards featuring the 1064-CNAPS
hips (20 MHz, 128 Mps) by Adaptive Solutions [75℄. This parallel-proessor hip was
ommerially available. It is an array of 64 parallel xed-point arithmeti proessors.
The proessors are freely programmable in the single-instrution-multiple-data (SIMD)
arhiteture. The CNAPS hip is able to perform fast matrix-vetor multipliation and
aumulation, whih are the basi operations needed for the evaluation of FFNNs but
also other parallel algorithms an be implemented. The neural network boards are
usually equipped with only one 1064-CNAPS hip whih leads to the upper limit on
the size of the proessable FFNN of 64 64 1.
For synhronisation the neural network boards are driven with an external lok at
20:8 MHz (2 times the HERA lok frequeny of 10:4 MHz). Performing the rst
matrix-vetor multipliations already parallel to the input of network inputs, a 64 
64  1 FFNN is evaluated within 8 s. The 8 bit network result is then sent bak to
the orresponding DDB from where it is sent to the entral trigger logi.
The DDB and the orresponding neural network board is alled a trigger box (L2TB).
Eah trigger box reates one level 2 trigger element of the L2NN trigger. In the years
1999 and 2000 the L2NN had 12 trigger boxes. Eah trigger box is running a FFNN
or a speial parallel algorithm for dediated physis reations. This modular approah
results in easy maintenane and update of the trigger. The FFNN and the parallel
algorithm used in this analysis are desribed in the setions 4.2.3 and 4.2.4.
In order to load and monitor the L2NN trigger a Themis Sun Spar two proessor
VME workstation is used. An additional ard, the "spy" ard, is listening also to the
L2-bus and is olleting the raw detetor data, the data preproessed by the DDBs and
the network results. Due to time onstraints this annot be performed for eah event,
but is done with a rate of  10 Hz. The olleted raw detetor information is taken as
input for a bit-preise simulation of the L2NN trigger (see [76℄ and setion 6.1). The
simulated DDB-preproessed data and the simulated network result are ompared to
the real data (online-hek).
Easy and onvenient requesting and heking of the monitoring results is provided
by a CGI-based
6
interative web-interfae [77℄ whih was developed as part of this
work. This web-interfae allows to ontrol the running of the L2NN only requiring an
usual web-browser. The information provided inludes the system status of the Sun
6
ommon gateway interfae
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workstation, the urrent and arhived trigger rates, the urrent and arhived ontrol
histograms and the results of the online-heks. In order to quikly | before the
timeout of the web-server | retrieve the arhived trigger rates and ontrol histograms
a speialised database system was developed.
4.2.3 Feed Forward Neural Network for the Trak-Cluster
Sample
Sine July 1999 a FFNN is running on trigger box 8 (L2TB 8) of the L2NN in order
to trigger J= events of the trak-luster sample. The trigger box 8 is validating the
high rate L1ST S33 (see gure 4.6).
The FFNN has 8 input nodes, 6 hidden nodes and one output node. The 8 input
quantities to the network ontain information about the number of the trak mask
of the DCr-trigger, the maximum and total ontent of the z vertex histogram, the
number of bigrays, and the energy in the LAr-alorimeter and the SpaCal:
trtot (see table 4.1)
pvmax, pvsum (see table 4.2)
nbigbwd, nbigray (see table 4.2)
larife (see table 4.3)
spent1, spent3 (see table 4.4)
For the training of the neural network J= events of the Trak-Cluster sample of the
year 1997 were used. These events were seleted for an analysis ontributing to [14℄.
During the development of this neural network the L1ST S33 was reated. In order to
take the bakground situation of the new S33 into aount, bakground events had to
be taken from the year 1999. The development of the S33 and training of the neural
network are desribed in [66℄. The neural network is operated in the L2NN with a
threshold value of the output node of 0:68, whih orresponds to a working point at an
eÆieny of 94% and a rate redution of a fator 16 (rejetion of 93:8%). The eÆieny
versus rejetion plot ontaining the working point is shown in gure 4.7.
4.2.4 SpaCal-Bak-To-Bak Algorithm for the Cluster-Cluster
Sample
On trigger box 6 (L2TB 6) a speial parallel algorithm, the SpaCal-Bak-to-Bak
(SBaBa) [68℄, is running. This algorithm is designed to detet the bak-to-bak topol-
ogy of the two lusters in the SpaCal of the deay eletrons of the J= in the luster-
luster topology. The trigger box 6 is validating the high rate L1ST S40 (see gure 4.6).
The SBaBa-algorithm uses the 20  20 SIET-bits of the medium threshold as input
(see setion 4.1.4). The information is transfered in the 61 bitpaked words splli and
splhj. The 400 trigger bits are mapped by a parallelised vetor-matrix multipliation
to 64 topologial masks. These masks have a setor-like shape and the masks in the
entral region of the SpaCal are smaller than those in the outer part. A mask is
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Figure 4.6: For the trigger box 6 (luster-luster sample) and the trigger box 8 (trak-luster
sample) the input rate from level 1 (middle line) and the output rate of level 2 are shown
(lower line) versus time. The orresponding sale is the logarithmi sale on the right side in
Hz. From the input and output rates the rejetion of the trigger boxes are alulated (upper
line). The orresponding sale is the linear sale on the left side in perent. The gures show
the rates for 24 hours (Feb. 20, 2000). The dereasing rate from level 1 shows the dereasing
beam urrents with time (see gure 2.2).
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Figure 4.7: The eÆieny versus the rejetion of the FFNN for the trak-luster sample is
shown. The eÆieny is the fration of signal events, whih pass the network deision. The
rejetion is the the fration of bakground events, whih are lassied as bakground. The
dierent points result from a variation of the threshold value (output ut) of the neuron in
the output layer. In order to obtain the values for eÆieny and rejetion the independent
test sample (see setion 4.2.1) was used. The data for the plot are taken from [66℄. The
working point of the network is hosen to be at an output ut of 0:68, whih is marked by
the ross. The eÆieny versus rejetion plot is a handle on the performane of the FFNN.
The performane is better, if the urve is loser to the point (1,1).
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ativated, if one of the ontained SIET-bit is set. Eah of the mask is then assoiated
with one proessor node of the CNAPS-hip in order to allow fast parallel proessing.
The next steps of the algorithm are explained using an example (see gure 4.8). An
event with two bak-to-bak lusters in the SpaCal is onsidered. The SIET-bits of
one luster ativate a mask A. The SBaBa-algorithm heks two onditions:
 Bak-to-bak ondition: For the mask A a orresponding bak-to-bak zone is
dened. It is then heked, if there is an ativated mask in the bak-to-bak zone
of mask A. In this example it is the mask B.
 Veto ondition: Around the mask A a neutral zone is dened. It is heked, if a
mask is ativated, whih does not belong to the neutral zone or the bak-to-bak
zone. In this example there is no suh mask.
A fullled bak-to-bak ondition and failed orresponding veto ondition is needed
for a positive trigger deision of the SBaBa. The bak-to-bak ondition and the
veto ondition are performed for all 64 masks, whih is implemented as parallel salar
produts.
The algorithm is designed to have an uniform eÆieny up to a violation of the bak-to-
bak ondition of 30
Æ
. This diretly aets the shape of the bak-to-bak and neutral
zone.
In addition to the topologial onditions the SIET-bits of the low threshold around the
beam pipe are used as a veto. The total proessing time on the CNAPS hip is 7:9 s.
Figure 4.8: The "steps" of the SpaCal-Bak-To-Bak algorithm are shown: a) For the two
lusters two SIET bits re, shown in dark gray. The ativated mask is shown as a dashed box.
b) The orresponding bak-to-bak zone for the mask is highlighted. ) In the bak-to-bak
zone an ative mask is found. The bak-to-bak ondition is fullled. d) The bak-to-bak
zone and the neutral zone are highlighted. Outside of both zones no ative mask is found.
The veto ondition is not fullled. The "steps" are alulated in parallel on the CNAPS hip.
4.3 Trigger Level 4
At the trigger level 4 the detetor is fully read out and the detetor data is fully
available on trigger level. The information is stored in an event buer with a apaity
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of 30 events. After the information for one event is synhronised (event builder) a full
event reonstrution is performed.
The strategy of the trigger level 4 is, that only events tagged by nders pass and are sent
to permanent storage. A nder is a small software routine designed to selet events of
a speial physis lass. For monitoring purposes a small fration of the rejeted events
is kept. Events not tagged by a nder get a high presale, alled L4 weight, of  100.
Aording to the nders the events get a lassiation bit.
Regarding the dierent event topologies of the trak-luster and luster-luster events
(see setion 3) the nders JPSPATC and JPSPAC
7
are used in this analysis. The nders
are desribed in the following in the order JPSPAC, JPSPATC in order to start with a
simpler nder and to proeed to the more ompliated one:
 JPSPAC: This nder selets events of the photoprodution J= luster-luster
topology. All eletromagneti lusters in the SpaCal have to full the require-
ments on the energy and the radius of the luster: E > 3GeV and r
l
< 5 m.
An additional energy ut is applied on the energy E
max
of the most energeti
luster in the SpaCal. The ut value depends on the distane R
l
of the luster
from the z-axis:
E
max
> 12GeV for R
l
< 15 m
E
max
> 7GeV for R
l
< 25 m
E
max
> 5GeV for R
l
 25 m
 JPSPATC: The nder selets events of the photoprodution J= and  trak-
luster topology and the eletroprodution J= trak-luster topology, where
the beam eletron is sattered into the SpaCal. The algorithms for the both
photoprodution nders are similar. For all lusters onsidered a minimal energy
of 0:2GeV and a maximal radius of 5 m is required. For all traks onsidered
a maximal distane-of-losest- approah to the z-axis of 4 m, a minimal trak
length of 10 m, a minimal transverse momentum of 0:15GeV and a maximal
distane of the starting point of the trak to the z-axis of 50 m are required.
There have to be 1 or 2 lusters in the SpaCal and 1 to 4 traks in the entral
region. One of the traks has to full  > 
min
i
and a orresponding luster
with the "bak-to-bak" ondition 
min
i
< j
trak
  
luster
j < 
max
i
has to exist
(i 2 fJ= ;g). This luster has to full in addition an energy ut of the the
following form
E
luster
<
s
i
R  R
oset
i
+ E
oset
i
; (4.7)
where E
luster
is the luster energy, R is the distane of the luster from the z-
axis and the parameters are listed below. In addition a ut on the energy of
the highest energy luster is applied E
max
luster
< E
max
i
in order to rejet events
from DIS. For the  event seletion an additional lower energy ut of the type
7
The naming onvention for the nders is not onsistent. JPSPAC was the rst nder for J= events
using SpaCal information. Later the nder JPSPATC for the trak-luster events was implemented.
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equation 4.7 is applied. The parameters are marked by "<", ">" for the upper
and lower energy ut. The parameters for the J= and  sample are
s
J= 
= 5GeV m ; R
oset
J= 
= 10 m ; E
oset
J= 
= 2:5GeV ;

min
J= 
= 1:40 rad  80
Æ
; 
min
J= 
= 1:64 rad  94
Æ
; 
max
J= 
= 4:64 rad  266
Æ
;
E
max
J= 
= 20GeV ;
s
<

= 15GeV m ; R
oset;<

= 10 m ; E
oset;<

= 4:5GeV ;
s
>

=  6GeV m ; R
oset;>

= 10 m ; E
oset;>

= 24GeV ;

min

= 0:35 rad  20
Æ
; 
min

= 2:64 rad  151
Æ
; 
max

= 3:64 rad  209
Æ
;
E
max

= 10:1GeV :
For the eletroprodution J= trak-luster sample 1 to 4 traks and 2 to 3
lusters are required. The energy E
1
of the luster with highest energy has
to full E
1
> 10GeV. The energy E
2
of the luster with the seond highest
energy has to full a position dependent ut of the form of equation 4.7 with the
parameters
s
J= ;DIS
= 10GeV m ; R
oset
J= ;DIS
= 7 m ; E
oset
J= ;DIS
= 3GeV :
In addition to the event seletion the full event information is used in order to perform
an online hek of the previous trigger levels and the detetor read out. The read out
of the detetor omponents and the read out of the orresponding trigger systems are
ompared. For example the L1ST are realulated and validated.
4.4 Trigger Level 5
The trigger level 5 is an oine trigger level and uses the raw-data tapes (RAWD)
( 110 kByte=event) as input. On this trigger level the full event reonstrution is
performed. Originally this trigger level was planned to also rejet events. This beame
obsolete when the trigger level 4 was upgraded to perform a full event reonstrution.
The dierene between the event reonstrution of the online trigger level 4 and the
oine trigger level 5 is, that in the oine stage information an be used, whih is only
available after a run is nished. Suh information are e.g. already improved alignment
and alibration and better information about the beam position.
From the raw detetor data the reonstrution builds e.g. traks and lusters. This
information and a subset of the information from the raw-data tapes are written to
physis output tapes (POT) ( 150 kByte=event). The information from POT is sub-
jeted to further seletion and ompression and is stored on data summary tapes (DST)
( 14 kByte=event).
With this multi step proess of data seletion and ompression the DST are ahieved,
whih allow a onvenient physis analysis. For heks of the detetor read out, the
trigger funtionality and the performane of the event reonstrution in addition the
more basi information from POT and RAWD is neessary.
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After the data taking and the rst physis analyses better alignment and alibration
is ahieved. Taking this into aount a new event reonstrution is done using RAWD
as input. The orresponding POT and DST are numbered with the reonstrution
number: POT1, POT2, POT3, DST1, DST2, DST3.
Chapter 5
Monte Carlo Simulation
The simulation of a physis event is a two step proess: the generation and the detetor-
simulation, whih are desribed in this hapter. The reonstrution of simulated events
and real data is desribed in the next hapter.
The generation step starts with the initial state partiles | here eletron and proton
| and builds a set of nal state partiles with four-vetor information aording to
the physis proess being studied. A physis proess an either be simulated from rst
priniples or aording to probability distributions. In either ase a nite event sample
is produed, whih has to be large enough to represent the rihness of the proess.
Tehnially this is done by throwing random numbers aording to the probability
distributions, whih gave this tehnique the name Monte Carlo method (MC). The
programs are alled event-generators or generators.
In the detetor-simulation step the nal state partiles are propagated through the H1
detetor aording to their four-vetors and the detetor response is simulated.
The reonstrution step (see hapter 6) uses the simulated detetor response in order
to build physis objets like traks and energy-lusters. The generated events whih
passed the detetor-simulation and the reonstrution are alled MC events.
The MC usage and the atual physis proesses, whih are simulated, are the topi of
the following setion.
5.1 Event Generators
In this analysis MC events are used in order to obtain
 the aeptane of the detetor,
 the eÆieny of subdetetors and triggers,
 the ontamination from other physis proesses (bakground).
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For eah of the purposes dierent event-generators are used. In order to obtain the
aeptane and the eÆienies, simulated events from proton-elasti J= photoprodu-
tion (signal MC) are used (see setion 5.1.1).
The ontamination from other physis proesses has several soures. These proesses
show the same basi experimental signatures as the proton-elasti J= photoprodution
(signal events) (see hapter 3):
 detetor signals from two eletrons,
 detetor signals from the forward detetors (fwd.-tagged/fwd.-untagged) and
 an empty detetor otherwise.
The ontaminating proesses (see gure 5.1) are the proton-dissoiative J= photo-
prodution, the eletron pair prodution and the QED ompton sattering, whih are
desribed in the following.
In the proton-dissoiative J= phototoprodution (see gure 5.1 (b)) the proton is ex-
ited suh, that it dissoiates into hadrons X. This hadroni system leaves the detetor
either undeteted through the beam pipe (fwd.-untagged) or is deteted by the forward
detetors (fwd.-tagged). The basi experimental signature is the same as for the signal
events and ontributes to bakground. The orresponding generator is desribed in
setion 5.1.1.
In eletron pair prodution (see gure 5.1 () and (d)) both the beam eletron and the
beam proton radiate a photon and an eletron pair is reated. If the beam eletron
leaves the detetor undeteted through the beam pipe, these events also show the basi
experimental signature of signal events and ontribute to bakground. The eletron
pair prodution event generator for proton-elasti and proton-dissoiative events is
presented in setion 5.1.2.
In QED Compton sattering (see gure 5.1 (e) and (f)) the beam eletron radiates a
photon. If the photon hits the detetor in an area, where no photon-eletron separation
is possible, or the photon onverts to an eletron-positron pair of whih only one is
deteted. The basi experimental signature is the same as for the signal events and
these events ontribute to the bakground. The QED Compton event generator is the
topi of setion 5.1.3. Proton-elasti and proton-dissoiative events an be generated.
5.1.1 Vetor Meson Event Generator DiffVM
The generator DiffVM [78, 79℄ simulates the dirative prodution of vetor mesons.
It is based on the Vetor Meson Dominane Model (see setion 1.2) and Regge theory
(see setion 1.6). The generator is able to desribe a variety of physis proesses, i.e.
the proton-elasti and proton-dissoiative prodution of dierent vetor mesons and
their deay in dierent hannels. In this analysis the prodution of J= vetor mesons
with the deay into an e
+
e
 
pair is used.
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(a) (b)
() (d)
(e) (f)
Figure 5.1: Feynman diagrams for the proton-elasti (a), the proton-dissoiative J= pho-
toprodution (b), the eletron pair prodution ( and d) and the QED Compton sattering
(e and f) are shown. The proesses (b) - (f) an exhibit the basi experimental signature of
signal events (a).
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The parametrisation of the Q
2
dependene of the ross setion is based on equation 1.11
and equation 1.12. The exponent 2 in equation 1.11 is replaed by the parameter
n = 2:1 (5.1)
and the proportionality sign of equation 1.12 is replaed by an equal sign.
The parametrisation of the W
p
and t dependene of the ross setion is based on
equation 1.45 for the proton-elasti ase and on equation 1.61 for the proton-dissoiative
ase. The parameters are set to the values
" = 
0
  1 = 0:175 ; (5.2)

0
= 0:0 ; (5.3)
b
pelas
= 4:8GeV
 2

2
; (5.4)
b
pdiss
= 1:6GeV
 2

2
: (5.5)
In the ase of proton-dissoiative J= prodution the DiffVM generator inludes the
following parametrisation of the ross setion with the mass of the hadroni system
M
X
[78℄ (see also equation 1.63)
d
J= p
pdiss
dM
X
2
/
f(M
X
2
)
M
X
2(1+"
M
)
; (5.6)
where the parameter "
M
an be hosen independently from " and is set to
"
M
:= 0:0808 : (5.7)
For small M
X
< 3:6GeV= 
2
the dissoiated proton is assumed to be one of the res-
onanes N(1440), N(1520), N(1680) or N(1700), whih deay isotropially in their
rest system. A t to data from proton-deuterium sattering in this mass regime yields
the funtion f(M
X
2
) [39℄. For larger masses M
X
 3:6GeV= 
2
the funtion is set to
f(M
X
2
) = 1 and the fragmentation of the dissoiated proton is treated aording to
the Lund-String-Model using the JETSET program [80℄.
5.1.2 Lepton Pair Prodution Event Generator LPair2
The eletron pair prodution proess e
+
p ! e
+
p e
+
e
 
ontributes to the bakground
for the elasti J= photoprodution. The lowest order Feynman graphs are shown in
gure 5.2. The main ontribution to the bakground results from the Bethe-Heitler
proess [81℄ (see gure 5.2 (a) and (b)), where both the beam eletron and beam proton
radiate a photon whih satter and produe an eletron-positron pair.
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The generator LPair2 [82℄ simulates the Bethe-Heitler proess. The interferene be-
tween the beam positron and the positron of the eletron pair is inluded.
In the Cabibbo-Parisi proess (see gure 5.2 () and (d)) a photon is exhanged between
the beam eletron and the beam proton. The beam eletron radiates another photon
whih onverts to an eletron-positron pair. In [83, 84℄ it is shown, that additional
ontributions due to the Cabibbo-Parisi proess or further proesses ontaining the
radiation of a photon from the proton or the exhange of Z
0
do not give signiant
additional ontribution and an be negleted.
(a) (b)
() (d)
Figure 5.2: The lowest order Feynman graphs whih ontribute to the eletron pair produ-
tion are shown. The graphs (a) and (b) are alled Bethe-Heitler proess and the graphs ()
and (d) are alled Cabibbo-Parisi proess.
5.1.3 QED Compton Sattering Event Generator COMPTON
In the QED Compton proess e
+
p! e
+
p the beam-eletron interats with the beam-
proton by the exhange of a virtual photon and the beam-eletron radiates a real
photon (see gure 5.1 (e) and (f)).
The simulation of the QED Compton proess is done by the COMPTON generator [85,
86℄. [87℄ implemented the generation of the hadroni nal state, i.e. proton breakup.
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The elasti, resonane and ontinuum inelasti QED Compton events are generated
simultaneously. For the prodution of the hadroni nal state with low hadroni mass
M
X
< 5GeV= 
2
the EPSOFT2 pakage is used. EPSOFT2 is based on EPSOFT [88℄,
whih is a generator for soft dirative and non-dirative photoprodution ollisions.
For high hadroni mass M
X
> 5GeV= 
2
, where the quark parton model is valid, the
fragmentation is done by PYTHIA and JETSET [89℄.
5.1.4 Abbreviations
In the legend of gures the following abbreviations for the dierent MC samples are
used:
DVM pel. : proton-elasti DiffVM
DVM pdi. : proton-dissoiative DiffVM
LPR pel. : proton-elasti LPair2
LPR pdi. : proton-dissoiative LPair2
COM pel.+pdi. : proton-elasti and proton-dissoiative COMPTON
5.2 Detetor Simulation
The output of the dierent generator programs for eah event is a set of partiles in
the nal state with four-vetor information. In the detetor simulation these partiles
are propagated through a virtual detetor and the interations of the partiles with
the detetor omponents are simulated. For this purpose the GEANT program pakage
[90, 91℄ is used. It also applies MC methods. From the simulated interations and the
resulting ionisations and energy depositions the detetor response is alulated. This
is done in the H1SIM program pakage [92℄, whih inludes the GEANT program pakage
and handles the simulation of the full H1 detetor. The result of the detetor simulation
is detetor response information, whih has the same format as real data. The detetor
response information is taken as input for the reonstrution (see hapter 6).
Chapter 6
Reonstrution
The result of the detetor read out and of the MC simulation is detetor response
information, whih is aused by loalised energy depositions or ionisations. Based
on this information the reonstrution builds high level physis objets like traks or
energy lusters. The detetor response information for real data and for simulated MC
events has the same format and is proessed with the H1REC [93℄ program pakage. For
simulated MC events the standard reonstrution inludes also the alulation of the
trigger deision.
The desription of the reonstrution onentrates on the following topis essential
for this analysis: the trigger alulation, espeially the level 2 neural network trigger
(see setion 6.1), the speial BST trak nding (see setion 6.2), the reonstrution of
kinemati variables (see setion 6.3) and the treatment of the forward detetors (see
setion 6.4.3). The standard reonstrution is desribed in [93℄.
6.1 Trigger Calulation
The trigger alulation is part of the H1REC [93℄ and H1TRIG program pakages. The
alulation of the trigger deision for simulated MC events is the basis for the deter-
mination of the level 1 trigger eÆienies and for the hek and determination of the
level 2 trigger eÆienies (see setion 8.4).
In order to ross hek the alulation of the level 1 subtriggers S33 and S40 for the
trak-luster and luster-luster sample (see setion 4.1.6) the distribution of the level 1
trigger elements for simulated MC events are ompared to data. Figure 6.1 shows good
agreement of simulation with data.
The alulation of the level 2 neural network trigger (L2NN) (see setion 4.2) is per-
formed by the program pakage NETSIM [76℄, whih is a part of H1TRIG. The alulation
of the L2NN takes the alulated output of the level 1 subdetetor triggers as input.
NETSIM performs a bit-preise simulation of the L2NN. It simulates the preproessing
of the input data by the DDB (see setion 4.2.2) and the alulation of the neural
networks or other algorithms on the CNAPS hips.
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Figure 6.1: The distribution of the level 1 trigger elements of the L1ST S33 and S40 are
ompared for data and MC events. The trigger elements are desribed in setion 4.1 and the
abbreviations in the legend are desribed in setion 5.1.4.
In gure 6.2 and gure 6.3 the distributions of the input quantities and the trigger
results for the L2TE of the trak-luster and luster-luster samples are shown for data
and MC events. The distributions agree well. Thus the simulation an be used to
determine the trigger eÆieny from MC.
Further appliations of the simulation of the L2NN are the monitoring of the L2NN
system and the training of new networks. Monitoring of the operation of the L2NN
hardware is performed by omparing the trigger information delivered by the hardware
to the alulated result. This omparison is done online in regular intervals on the
Sun-workstation of the L2NN. It is planed to implement NETSIM into the trigger level
4 in order to inrease the online-monitoring apabilities. As an oine appliation
NETSIM monitors, whether onsistent data is written to tape. NETSIM omputes also
the network inputs from already taken data. This information is used for the training
and testing of new networks.
6.2 BST Trak Finding
In the luster-luster sample both J= deay eletrons are deteted in the SpaCal and
no entral traks exist. Therefore no event vertex information is available, whih would
lead to a preise measurement of the polar angle  of the deay eletrons. In order to
determine the event vertex for luster-luster events the use of other traking detetors
is disussed.
The bakward drift hamber BDC (see setion 2.2.1.5) has limited spatial extension in
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Figure 6.2: For the trak-luster neural network the distributions of the input quantities and
the network deision are shown. The network is desribed in setion 4.2.3. There referenes
to detailed desriptions of the input quantities are given.
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Figure 6.3: For the SBaBa algorithm (see setion 4.2.4) the distribution of a subset of the
61 input quantities (see setion 4.1.4) and the trigger deision are shown.
z-diretion. This results in an insuÆient resolution in the polar angle  of the stan-
dalone BDC traking. Therefore the BDC annot be used for the vertex determination.
However, the BDC is used to improve the measurement of the spatial position of the
SpaCal lusters.
The preise hit information of the bakward silion traker BST (see setion 2.2.1.2)
enables us to perform a trak-t in the very bakward region with suÆient resolution.
Therefore an algorithm for the reonstrution of traks based on BST hit information
was developed in this analysis in order to reonstrut an event vertex.
In the following setions the algorithm of the BST trak nding is desribed.
6.2.1 BST Trak Finding Algorithm
In this analysis independent traking in the BST is not attempted. Instead a trak
nding proedure for a given SpaCal luster with polar angle 

and azimuthal angle 

is implemented. The trak nding algorithm is performed for eah J= deay eletron
luster.
The BST-II detetor provides hit information from the r-strip detetors (setion 2.2.1.2)
for the 8 planes in z-diretion with 16 segments in . The event display in gure 3.3
shows r-strip hits in the xy-view. The 8 planes in z-diretion are overlaid.
First step of the algorithm is to obtain a set of (r; z)
1
pairs being andidates to belonging
to the trak for the given luster.
The BST hits are seleted by the -position of the entre of their segment 
seg
: j
seg
 


j < 2=16. This takes the 16 segments in  of the BST into aount.
For the seleted BST hits the r-position is determined. Based on the r-strip number
and the azimuthal angle 

of the luster the r-position of the hit is determined. Using


the shape of the r-strips is taken into aount (see gure 3.3). In this proedure
1
r =
p
x
2
+ y
2
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the internal and external alignment
2
of the BST is applied. The r-position is further
orreted for the xy-beam position and for the beam tilt. This results in a set of (r; z)
pairs for the hits whih are distributed over the 8 planes in the z-diretion.
The next step is the seletion of hits, whih are used for the trak nding.
Traks starting from the region of the nominal vertex ause usually hits in at most
5 neighbouring planes [94℄. Therefore all 5-hit, 4-hit, 3-hit and 2-hit ombinations
in 5 neighbouring planes are used as andidates for the trak nding. The tehnial
implementation of the seletion of hit ombinations is shown in gure 6.4. This proe-
dure ensures, that traks with higher number of hits are preferred to those with lower
number of hits. The proedure yields high preision and high eÆieny.
For eah of the hit ombinations a straight line t (linear regression) is performed
taking into aount also the r-position of the SpaCal luster.
In the t the following errors on the radial position of the hits and the luster are
used: 
BST
r
= 12 m and 
SpaCal
r
= 0:559 m. The value for 
SpaCal
r
is obtained by
"stand-alone" BST traking, i.e. the r-position of the SpaCal luster is not taken into
aount for the t. The impat position of the trak in the SpaCal and the position
of the SpaCal luster are ompared. The value of 
BST
r
is determined requiring a at
distribution of the t probability. For further desription refer to gure 6.5.
If the probability of a trak t exeeds 1% the orresponding trak is taken and the
trak nding is stopped. For the traks with 2 BST hits the following riteria are
required in addition: The distane of the impat point of the trak to the SpaCal
luster is less than 1 m; the distane of the z vertex of the trak to the run-vertex is
less than 35 m; the polar angle  of the trak is less than 178
Æ
.
The resulting trak is used for the measurement of the polar angle . The reonstrution
of the event vertex depends on the number of traks. In the ase of one trak the vertex
position is obtained ombining the trak information and information of the xy-beam
position. In the ase of two BST traks the vertex position for eah trak is determined
and for the event vertex the average is taken.
6.2.2 Improvement of the Measurement of the Polar Angle
and the Vertex Position
Without BST trak nding the best hoie for the vertex position is the average vertex
position in a run z
run
vtx
. Using this vertex information the following resolutions for the
vertex position z
vtx
and the polar angle  are obtained from MC simulation:
(z
vtx
) = (10:5 0:3) m ; () = (0:52 0:02)
Æ
(no BST trak nding).
2
For the determination of the r-position of hits a routine of the oÆial BST reonstrution ode
BSTREC is used. BSTREC is part of H1REC.
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a) b)
Figure 6.4: The seletion of hit ombi-
nations for the trak t is shown.
a) A look-up-table with
hit-seletion-masks is used. The 8
olumns represent the 8 planes of the
BST-II. The lines ontain all possible
ombinations of 5, 4, 3 and 2 hits on
the eight planes. The ombinations are
sorted by the number of hits. A plane
with a possible hit is shaded. Eah line
represents a hit-seletion-mask.
b) The ordering of the hit-seletion-mask
with equal number of hits is randomised
in order to minimise a possible bias due
to the ordering of the masks. For an
atual event the hits on the BST planes
are taken and stored in a hit-pattern.
In the hit-pattern all planes are marked
(), whih ontain one ore more hits.
The hit-pattern is ompared to the
hit-seletion-masks in the look-up-table
starting from the top. If all seleted
planes of a hit-seletion-mask ontain
a mark of the hit-pattern, a set of
planes is found, whih ontain hits being
andidates for the trak t. The hit
information is presented to the trak t
proedure. If there are more than one
hit per plane, a loop over the multiple
hits is performed.
This seletion proedure ensures, that
hit ombinations with higher hit number
are presented to the trak tting before
those with lower hit number.
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Figure 6.5: The t probability of BST
traks tted to 3 hits is shown for data.
Beyond a probability of 0.2 the distribu-
tion for data is at, whih is expeted, if
the errors taken into aount for the t are
well understood. For gaussian errors the
probability distribution is at over the full
range. The strong rise to very low proba-
bilities is due to noise hits.
With the trak information from the BST trak nding the vertex resolution with one
BST trak improves to:
3
(z
vtx
) = (0:27 0:01) m ; () = (0:026 0:01)
Æ
(with BST trak nding).
The z
BST
vtx
measurement based on BST traks is ompared to the z
CTD
vtx
vertex position
for trak-luster events. z
CTD
vtx
is determined from the entral trak and has a resolution
of (z
CTD
vtx
) = (0:18 0:04) m. Using data the following resolution for the omparison
of the entral trak and the BST trak is obtained
(z
BST
vtx
  z
CTD
vtx
) = (0:49 0:02) m
whih is larger than the quadrati sum of the single resolutions. In addition to the
gaussian errors systemati eets like the relative alignment of the entral traking
detetors and the BST or the xy position of the beam have to be taken into aount.
Avoiding these systemati eets the z
BST
vtx;1
, z
BST
vtx;2
positions of two BST traks are
ompared using a subset of the luster-luster sample where both lusters are in the
aeptane of the BST:
(z
BST
vtx;2
  z
BST
vtx;1
) = (0:55 0:03) m:
This value is onsistent with the resolution obtained from the omparison to the entral
trak.
6.2.3 Trak Finding EÆieny and Data/MC Adjustment
The eÆieny of the BST trak nding is studied for data and MC
4
with speial trak-
luster samples, where the luster is in the aeptane of the BST. This sample is suited
3
The eet of the improved measurement on the invariant mass of the two deay eletrons of the
J= is later shown in gure 7.4. For this plot the reonstrution of the invariant mass and the event
seletion are neessary, whih are desribed in the following setions.
4
In this setion MC refers to proton-elasti DiffVM.
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for the determination of the trak nding eÆieny, sine it an be assumed, that the
luster is aused by a harged partile, i.e. eletron or positron.
5
The trak nding eÆieny in the data is not desribed by MC (see gure 6.6 a)). The
adjustment of data and MC is a multiple step proess and is desribed in the following
setions.
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Figure 6.6: The BST trak nding eÆieny for data and MC is shown as a funtion of the
polar angle  and the azimuthal angle  for the running period 2000 e
+
. The four sets of plots
orrespond to dierent levels of data and MC adjustment: a) no adjustment; b) after the
adjustment of the BST detetor response; ) after the adjustment of the eÆieny as funtion
of  and ; d) after the adjustment of the total eÆieny as a funtion of the run number.
6.2.3.1 Adjustment of the BST Detetor Response
In order to improve the desription of the BST trak nding eÆieny by MC the basi
detetor response of the BST is studied as a rst step. The basi detetor response for
the trak nding is the BST hit information. Eah of the 8 BST-planes ontains 16
setors of detetor plates, whih ontain 640 r-strips (see setion 2.2.1.2). The number
of hits per strip is shown in gure 6.7 and gure 6.8 for data and MC events. The
dierenes between data and MC an be lassied as follows:
5
For the trak-luster sample the bakground is originating from the QED-Compton proess and
the eletron-pair-prodution proess. The rejetion of QED-Compton bakground events is desribed
in setion 7.3.4. The ontribution of the QED-Compton bakground an be negleted here (see
the ontrol distributions in gure 7.6). The remaining bakground is aused by the eletron-pair-
prodution proess. Where both J= deay eletron andidates are due to harged partiles, i.e.
eletron and positron.
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Figure 6.7: The number of hits per strip (strip number 0 to 639) are shown for the -setor
4 on z-plane 2 for the running period 2000 e
+
. The dots represent data and the shaded
histogram MC. The upper gure ontains unorreted data and MC. Here the 'run-away'
noisy strips are learly visible. The ineÆient region in the data is also not desribed by MC.
In the middle gure orreted data and MC are shown: The 'run-away' noisy strips and the
ineÆient region are ut out. The ut-out data points are drawn in grey. In the lower gure
orreted data and MC are ompared in a wider binning and agree well.
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Figure 6.8: The number of hits per strip (strip number 0 to 639) are shown for the -setor
12 on z-plane 4 for the running period 2000 e
+
. Noisy regions in the data are learly visible.
For further desription refer to the desription of gure 6.7.
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 'run-away' noisy strip, i.e. a single strip with very high number of hits ompared
to the average hit number of the surrounding strips;
 noisy region, i.e. a region of neighbouring strips with a higher number of hits as
the average of the surrounding hits or of the detetor plate;
 ineÆient region, i.e. a region of strips with low operation eÆieny;
 dead region, i.e. a region of non operational strips;
 dead setor, i.e. a full setor is not operational.
For the searh for the 'run-away' noisy strips a two step proess is used: In a region
of 50 strips around eah strip the mean  and standard deviation  of the number
of hits is alulated. If the entral strip has more than  + 3   hits, this strip is
lassied as 'run-away' noisy strip and is removed. Then a global mean and standard
deviation riterion is applied to lassify further strips as 'run-away' noisy strips. The
dead regions are also deteted as part of this automati proedure. The noisy regions
and dead setors are seleted by 'hand'.
For all of the above lasses the problemati strips and regions are ut out from data and
MC. The number of orretions for the dierent running periods is listed in table 6.1.
run period dead 'run-away' noisy strips noisy and ine. regions
setors and dead regions
1999 e
 
39 1750 37
1999 e
+
8 1953 40
2000 e
+
8 1606 77
Table 6.1: The number of orretions for BST stips applied to data and MC are listed for
the running periods 1999 e
 
, 1999 e
+
and 2000 e
+
. In 1999 e
 
the rst two z-planes were not
operational at all, whih results in the high number of dead setors.
The BST trak nding eÆieny after the orretion of the BST detetor response is
shown in gure 6.6 b). This orretion improves the shape of the trak nding eÆieny
as a funtion of the polar angle  and azimuthal angle , but further orretions are
neessary.
6.2.3.2 Adjustment of the BST Trak Finding EÆieny as a Funtion of
the Angles  and  in MC
The eÆieny of the trak nding in MC is adjusted to the eÆieny determined from
the data. The proedure is desribed in the following.
The statistis in the data sample is not suÆient for a two dimensional (; ) orretion
of the trak nding eÆieny. Therefore the eÆieny in MC is adjusted in two steps.
First the eÆieny is adjusted to data as a funtion of the azimuthal angle  and then
as a funtion of the polar angle . The adjustment as a funtion of  is the main eet,
while the adjustment as a funtion of  is only a small orretion of up to  2%.
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In the run range 269000 to 272000 in the running period 2000 e
+
the BST had readout
problems [95℄. This results in a signiantly lower eÆieny
6
for the BST trak nding
in the region 180
Æ
<  < 360
Æ
. An investigation of the number of hits per BST pad
as a funtion of the run number was showing no obvious eets. Therefore the BST
trak nding eÆieny as a funtion of the angle  and  is orreted separately for the
following run ranges in 2000 e
+
: a) run number < 269000, b) 269000 < run number <
272000 and ) 272000 < run number.
For the three run ranges the eÆieny of the BST trak nding is shown for data
and the orreted eÆieny for MC in gure 6.9. The orresponding plot for the full
running period 2000 e
+
is shown in gure 6.6 ).
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Figure 6.9: The BST trak nd-
ing eÆieny is orreted in MC
separately for the run ranges in
2000 e
+
: a) run number < 269000,
b) 269000 < run number < 272000 and
) 272000 < run number. In the run
range b) is a drop in the eÆieny for
180
Æ
<  < 360
Æ
. After orretion MC
desribes the eÆieny in the data for all
three run ranges.
The MC adjustment is shown in detail for the running period 2000 e
+
. For the running
periods 1999 e
 
and 1999 e
+
the same proedures are applied. For these running periods
only the nal adjustment is presented in setion 6.2.3.4.
6.2.3.3 Adjustment of the total BST Trak Finding EÆieny as a Funtion
of the run number in MC
In gure 6.10 the total eÆieny of the BST trak nding is shown as a funtion of the
run number for the running periods 1999 e
+
and 2000 e
+
.
7
6
This is also visible in the event yield (see gure 8.2).
7
The running period 1999 e
 
is not used in this analysis, as explained in setion 6.2.3.4.
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The run range 290000 to 272000 in 2000 e
+
with lower eÆieny is already well or-
reted, by splitting up 2000 e
+
in three regions. The run dependent orretion is a small
adjustment. The nal adjusted BST trak nding eÆieny is shown in gure 6.6 d).
The running period 1999 e
+
has not suÆient statistis to allow orretions like the
previous setions in smaller ranges. Therefore the run dependent orretion for the
running period 1999 e
+
is larger.
6.2.3.4 Final adjusted EÆienies for the dierent Running Periods
The nal orreted eÆienies of the BST trak nding for the dierent running periods
are shown in gure 6.11.
In the running period 1999e
 
the rst two z-planes were not operational at all. This
auses the low trak nding eÆieny for the low values of the polar angle  (see
gure 6.11 a)). In this running period the BST was generally not working well. This
results in a low eÆieny. Although the orreted eÆienies in data and MC agree
well, the running period 1999 e
 
is exluded due to the small statistis and the unstable
detetor situation.
8
The BST trak nding eÆieny applies to a single trak. For luster-luster events
with two BST traks the orretions are applied independently for eah trak. Here, the
eet of the trak nding eÆieny applies squared. In the ase of the small eÆieny
in the running period 1999 e
 
the squared eÆieny is 'vanishing'.
For the running periods 1999 e
+
and 2000 e
+
and the ombined run range 1999 e
+
+
2000 e
+
the nal orreted BST trak nding eÆienies in data and MC agree well.
The larger errors for the running period 1999 e
+
are aused by the smaller statistis.
6.2.3.5 Coherent Loss
A speial kind of ineÆieny of the BST are the so alled oherent losses, whih are
aused by several reasons due to the detetor struture and the readout mehanism.
The onversion of the analog detetor signals to digital signals depends on the gain
of the preampliers and on the oset of the FADC's
9
. Due to the quadrant-wise
readout struture an overow results in a 'hot' quadrant with more than 500 hits
and an underow results in a 'silent' quadrant with no hits. In the online hit nding
proedure all hits of a 'hot' quadrant are rejeted. For both ases | 'hot' and 'silent'
quadrants | the online hit nding proedure fails. In addition also problems in the
pipeline ounters and in the data aquisition add to oherent losses [96, 49℄. The eet
of oherent losses is studied in detail in [49℄ and amounts to  4%.
Due to the method of adjusting MC to the data, the eet of oherent losses is already
overed. A systemati error of 3% is applied[96℄.
8
The low eÆieny of the BST trak nding in the running period 1999 e
 
is also visible in the
event yield as a funtion of the run number (see gure 8.2).
9
Fast Analog Digital Converter
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Figure 6.10: The total BST trak nding eÆieny for data and MC is shown as a funtion
of the run number for the running periods 1999 e
+
and 2000 e
+
. The four plots orrespond
to dierent levels of data and MC adjustment: a) no adjustment; b) after the adjustment
of the BST detetor response; ) after the adjustment of the eÆieny as funtion of  and
; d) after the adjustment of the total eÆieny as a funtion of the run number. The run
range from 269000 to 272000 in the running period 2000 e
+
with lower eÆieny is desribed
in setion 6.2.3.2.
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Figure 6.11: The BST trak nding eÆieny for data and MC is shown as a funtion of
the polar angle  and the azimuthal angle  for the following running periods: a) 1999 e
 
,
b) 1999 e
+
, ) 2000 e
+
, d) 1999 e
+
+ 2000 e
+
.
6.2.4 Comparison to the Standard BST Traking
No traking for the BST-II was available at the beginning of this analysis. Therefore
the BST trak nding desribed above was developed. Now also a traking developed
by the BST group [49℄ exists. This standard BST traking is based on a sagitta riterion
of hits in three neighbouring planes for the pattern mathing of traks.
For the omparison of the two algorithms standard BST traks are taken into aount,
whih are in a wide
10
window around the SpaCal luster:  < 1
Æ
and  < 360
Æ
=16.
The eÆieny for a standard BST trak in this wide window is 0:72 0:01, if a trak
of the BST trak nding exist. The eÆieny for a trak of the BST trak nding is
0:95 0:01, if a standard BST trak exists. The BST trak nding of this analysis has
a  1:3 1:4 times higher eÆieny than the standard BST traking. This is espeially
important, sine the eÆieny enters quadratially in the luster-luster sample with
both lusters in BST aeptane.
10
The -range is wide, ompared to the resolution in  presented in setion 6.3.
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6.3 Reonstrution of Kinemati Variables
For this analysis the following kinemati variables are needed:
11
 m
e
+
e
 
the invariant mass of the two deay eletrons of the J= vetor meson,
 p
2
t
the transverse momentum squared of the J= vetor meson,
 t the four-momentum transfer squared at the proton vertex (see equation 1.14)
and
 W
p
the p entre-of-mass energy (see equation 1.4).
The reonstrution of the kinemati variables is based on angular and energy informa-
tion of the reonstruted physis objets traks and lusters.
In photoprodution the sattered beam eletron is not deteted. Therefore no informa-
tion about the beam eletron an be obtained. Also no kinemati information about the
sattered beam proton is available. From the possible detetor response of the forward
detetors no kinemati information is obtained. This leaves the two deay eletrons of
the J= vetor meson as only soure of information for the kinemati variables.
For the lusters in the SpaCal the harge of the partile annot be diretly obtained,
beause the trak urvature of the orresponding trak annot be measured. For the
trak-luster sample the harge of the luster-partile is hosen opposite to the harge
of the trak-partile and the eet of the magneti eld is taken into aount (see
gure 6.12). In the luster-luster sample only for few J= deay eletron andidates
with low azimuthal angle  a harge information from the entral traking detetor
is available. In the ase of harge information the harge of the other J= deay
eletron andidate is hosen to be opposite. If no harge information is available, both
J= deay eletron andidates get no harge assigned. This results in a triple peak
struture in the resolution plot for azimuthal angle 
1
for eletron 1 and in a wide peak
for the resolution in azimuthal angle 
2
for eletron 2 (see gure 6.13).
The invariant mass m
e
+
e
 
of the J= deay eletron system is alulated by the angles
and energies of the deay eletron andidates
m
e
+
e
 
2
= (p
e
+
+ p
e
 
)
2
(6.1)
= 4E
e
+
E
e
 
sin
2
(=2) ;
where p
e
+
and p
e
 
are the four-momenta and E
e
+
and E
e
 
the energies of the J= 
deay eletron andidates in the laboratory system.  is the opening angle between
the J= deay eletron andidates in the laboratory system. For the trak-luster and
luster-luster sample the energy resolution of the J= deay eletron andidates and
the resolution of the invariant mass are shown in gure 6.12 and gure 6.13.
12
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Figure 6.12: Trak-luster: The dierene between reonstruted and generated values for
the energy and angle of the deay eletrons and the opening angle  and the invariant mass
m
e
+
e
 
are shown.
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Figure 6.13: Cluster-luster: The dierene between reonstruted and generated values
for the energy and angle of the deay eletrons and the opening angle  and the invariant
mass m
e
+
e
  are shown. In the distributions of the azimuthal angle 
re;1=2
  
gen;1=2
the
eet of the unknown harge is visible. For some eletrons with low azimuthal angle  a
harge information is avaliable. This results in the triple peak struture of the 
re;1
  
gen;1
distribution and the wide distribution of 
re;2
  
gen;2
.
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For the reonstrution of the kinemati variable t the approximation jtj  p
2
t
(see
equation 1.14) annot be diretly used. Though the approximation is very well fullled
in the photoprodution ase, the detetor eets limit the resolution on the measured
p
2
t
. In gure 6.14 the reonstruted p
2
t
is ompared to the generated p
2
t
and generated
jtj. The main eet is the limited resolution in the reonstrution of p
2
t
.
An unfolding method is applied in order to improve the measurement by treating
the migration due to the limited resolution in p
2
t
. The unfolding method uses the
(p
2
t
re
; jtj
gen
) information from the simulation. In setion 8.2 the binning in p
2
t
is in-
trodued. The handling of migration and the unfolding proedure is presented in
setion 8.6.
For general DIS events without information about the sattered beam eletron (NC) or
the sattered neutrino (CC), the hadron method or Jaquet-Blondel method [97℄ is used
to alulate y
JB
, where only information from the hadroni nal state is used. Applied
to the photoprodution of J= vetor mesons the hadroni nal state onsists of the
J= , respetively its deay eletrons. The hadron method alulates for the hadroni
nal state the variable
 =
X
i
(E
i
  p
z;i
) ; (6.2)
where the summation takes all partiles of the hadroni nal state | here the J= 
deay eletrons | into aount and E
i
is the energy and p
i
the momentum of partile i.
Using the variable  the kinemati variable y
JB
is obtained by the hadron method
y
JB
=

2E
e
; (6.3)
where E
e
is the energy of the inident eletron beam. With equation 1.4 the p entre-
of-mass energy is obtained
W
p
2
 y
JB
s+m
2
p
; (6.4)
where m
p
is the mass of the proton. The resolution for y
JB
and W
p
is shown in
gure 6.14 for the trak-luster and luster-luster sample. In setion 8.2 the binning in
W
p
is introdued. It is shown, that the migration is small and no unfolding proedure
is neessary.
11
The invariant mass m
e
+
e
  is used in setion 8.3 for the signal extration. The kinemati variables
p
2
t
, t and W
p
are used in setion 8.2 and setion 8.6 for the binning of the ross setion measurement.
12
The eet of the BST traking on the distribution of the reonstruted invariant mass is shown
in gure 7.4. For the understanding of this plot the event seletion is neessary, whih is desribed in
hapter 7. Mass signals in bins of the kinemati variablesW
p
and p
2
t
are used for the signal extration
and are presented in setion 8.3 and appendix A.
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Figure 6.14: The reonstruted and generated values for the variables p
2
t
, jtj, y
JB
and W
p
are ompared for the trak-luster and luster-luster sample.
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6.4 Alignment and Calibration
In this setion speial alignment and alibration of detetor omponents are desribed.
The SpaCal alorimeter is aligned using the BST trak nding. A alibration for
the energy measurement of the lusters in the SpaCal is applied. The alignment and
alibration of the SpaCal is done for both, data and MC. The desription of the forward
detetor response is adjusted in MC to data.
The distribution of the vertex position z
vtx
is adjusted in MC to data.
6.4.1 SpaCal Alignment
BST trak nding is used to improve the relative alignment between the BST and the
SpaCal. For this purpose the r-position of the SpaCal luster is not taken into aount
for the traking. The resulting trak is extrapolated to the SpaCal. The alignment
parameters for data and MC in table 6.2 are obtained.
run period x y
data 1999 e
 
 0:10 0:02 m  0:18 0:02 m
data 1999 e
+
 0:09 0:01 m  0:20 0:01 m
data 2000 e
+
 0:06 0:02 m  0:19 0:01 m
MC all  0:22 0:02 m  0:05 0:01 m
Table 6.2: The SpaCal is shifted by the alignment parameters x and y in order to
improve the relative alignment betweeen the BST and the SpaCal.
6.4.2 SpaCal Energy Calibration
The standard energy alibration of the SpaCal alorimeter uses the position of the
kinemati peak of the sattered beam eletron at  27:5GeV. This method leads to
a good alibration for high energies but not for low energies. In this analysis energies
down to  4GeV are used. Therefore an additional alibration is needed.
The alibration for low energies was developed in [87, 98℄ using elasti QED Compton
events with the aim to provide a alibration down to energies 4GeV. First MC is ali-
brated in suh a way, that it desribes data. Then an additional "absolute" alibration
is applied on both data and MC. The distribution of the energy alibration fators for
data and MC are shown in gure 6.15.
For the alibration QED Compton events from the running period 1997 are used. Sine
the SpaCal detetor is unhanged from 1997 to 2000, this alibration is applied in this
analysis. The quality of the alibration is heked by omparing the position of the
mass peak to the value of the the J= mass m
J= 
= (3:09688  0:00004)GeV. In
gure 6.16 this omparison is done for data and MC. The alibration provides better
agreement of the mass peak position with the J= mass.
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Figure 6.15: The distribu-
tion of the SpaCal energy
alibration fator is shown
for data and MC.
6.4.3 Noise Simulation and Calibration for the Forward De-
tetors
The experimental handle for the separation of the proton-elasti and proton-dissoiative
events are the signals of the forward detetors (see also setion 3):
 E
LAr10
the energy in the forward LAr alorimeter (see setion 2.2.2.1) for the
polar angle range  < 10
Æ
,
 N
FMD
the hits in the forward muon detetor (FMD) (see setion 2.2.3.2) and
 N
PRT
the hits in the proton remnant tagger (PRT) (see setion 2.2.4).
If one of the following uts is fullled, the event is lassied as fwd.-tagged, otherwise
it is lassied as fwd.-untagged:
 E
LAr10
> 0:75GeV,
 N
FMD
> 1 in the layers 1, 2 and 3 of the FMD,
 N
PRT
> 0 for the hannels 1, 2 and 3 of the PRT.
The determination of the number of proton-elasti and proton-dissoiative events from
the number of fwd.-untagged and fwd.-tagged events relies on the MC simulation.
13
In
[84℄ the treatment of the forward detetors and the methods to improve the simulation
in MC is desribed in detail. For the running periods 1999e
+
and 2000e
+
the MC
adjustment is developed in [99℄. The energy alibration of the forward LAr alorimeter
is improved and the noise in the FMD and PRT are adjusted.
The desription of the response of the forward detetors of data by MC simulation
is heked with a set of MC, whih ontains proton-elasti and proton-dissoiative
ontributions from DiffVM, LPair2 and COMPTON MC events (see gure 6.17 and 6.18).
13
The determination of the number of proton-elasti and proton-dissoiative produed events is
desribed in setion 8.5.
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Figure 6.16: The J= mass peak for data and MC for the trak-luster and luster-luster sample are shown.
For the plots in the rst line standard SpaCal alibration is applied, i.e. no additional alibration ("no alib.").
For the plots in the seond line the alibration desribed in the text is applied. The alibration shifts in data
and MC the peak position to the mass of the J= : m
J= 
= (3:09688  0:00004)GeV. The t parameter P3
represents the peak position. For the event seletion refer to hapter 7. The t proedure is desribed in detail
in setion 8.3.
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Figure 6.17: Trak-luster: The detetor response of the forward detetors, the results of
the uts on the forward detetors, the logial OR
fwd
of these uts and the distribution of the
kinemati variables p
2
t
and W
p
are shown. Data is ompared to a set of MC, whih ontains
proton-elasti and proton-dissoiative ontributions from DiffVM, LPair2 and COMPTON MC
events.
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Figure 6.18: Cluster-luster: The detetor response of the forward detetors, the results of
the uts on the forward detetors, the logial OR
fwd
of these uts and the distribution of the
kinemati variables p
2
t
and W
p
are shown. Data is ompared to a set of MC, whih ontains
proton-elasti and proton-dissoiative ontributions from DiffVM, LPair2 and COMPTON MC
events.
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trak-luster luster-luster
hz
vtx
i [ m℄ 
z
vtx
[ m℄ hz
vtx
i [ m℄ 
z
vtx
[ m℄
data 3:6 0:2 11:2 0:2 2:7 0:3 11:7 0:2
unorreted MC 2:2 0:2 10:7 0:2 0:9 0:3 10:9 0:2
orreted MC 3:4 0:2 11:0 0:2 2:2 0:3 11:1 :02
Table 6.3: Gaussian ts are applied to the distributions of the z
vtx
position of data, unor-
reted and orreted MC. The mean value hz
vtx
i and the width 
z
vtx
are listed.
6.4.4 z
vtx
Reweighting
The distribution of the vertex position z
vtx
dier in data and MC. Gaussian ts are
applied to the distributions and the MC events are reweighted aordingly. In table 6.3
the values of the mean value hz
vtx
i and the width 
z
vtx
are listed for data, unorreted
and orreted MC for both the trak-luster and the luster-luster sample.
Chapter 7
Seletion of J= Mesons in
Photoprodution
In this hapter the seletion of J= vetor mesons in photoprodution is desribed.
First the run and event seletion, i.e. uts
1
whih ensure a well operating detetor, are
desribed. Then the kinemati seletion and the trigger seletion are presented. Both
take into aount the topology of the J= events for the seletion. While the kinemati
seletion is applied on analysis level the trigger seletion is applied during data taking.
7.1 Run Seletion
In this setion uts are presented, whih ensure a well operating detetor system, i.e.
a minimum set of operational subdetetors, trigger omponents and readout systems.
This set depends on the analysed physis proess. For the seletion of trak-luster
and luster-luster events the following detetor omponents are neessary either for
a measurement or a veto for/against e.g. traks: entral traking system (see se-
tion 2.2.1.3), LAr alorimeter (see setion 2.2.2.1), SpaCal (see setion 2.2.2.2), PRT
(see setion 2.2.4), FMD (see setion 2.2.3.2) and BST (see setion 2.2.1.2) (only luster-
luster).
The status of detetor omponents is reorded for eah run, i.e. a time period of
experimentally stable running (see setion 2.1). In order to ensure a well operating
detetor system uts on the following information are performed:
 the run quality,
 the readout status,
 the trigger phase,
 the status of the level 1 subtrigger and
1
Seletion riteria are alled uts.
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 unstable runs.
Depending on the overall detetor performane, bakground situation or problems with
the readout runs are lassied as "good", "medium" or "poor" (run quality). This
lassiation takes the main detetor omponents (entral traking hambers, LAr
alorimeter, SpaCal et.) into aount. In this analysis a run quality of "good" is
required for the event seletion.
Aording to the requirements of the speialised physis analysis heks on the readout
status of detetor omponents are done. The readout of the detetor is divided into
several branhes, the so alled TAXI branhes
2
, for dierent subdetetor systems. The
status of the branhes is stored bit-enoded for eah run. In this analysis the following
branhes are required to be in readout: LAr alorimeter trigger, LAr alorimeter ADC
3
and SpaCal, entral drift hambers CJC1 and CJC2, multi wire proportional hambers
(CIP, COP), silion detetors (e.g. BST) (only for luster-luster).
The trigger phase (see setion 4) is set aording to the beam ondition and the bak-
ground situation during a luminosity ll (see setion 2.1). Espeially in the beginning
of a luminosity ll | trigger phase 1 | the traking detetors annot be swithed on,
due to the severe bakground situation. Therefore this analysis uses only runs with
trigger phase 2 to 4.
The status of a level 1 subtrigger is stored in the so alled L1ST-enable-ag. It on-
tains the information, if the orresponding L1ST is operational. For the trak-luster
seletion the operation of the subtrigger S33 has to be enabled; for the luster-luster
seletion the operation of the subtrigger S40. At this stage it is heked only, that the
L1ST is operational, not the trigger deision.
In addition to the previous seletion riteria some unstable runs are rejeted due to
unstable performane of dierent detetor omponents: PRT or FMD has high noise;
FMD is not operational; L2NN is not working; CJC1, CJC2 have a broken wire in
1999; the L2 neural network for the trak-luster topology is not installed in some
ranges of year 1999; trigger level 4 is in transparent mode; trigger level 2 and 4 are in
transparent mode; trigger level 4 is not working.
7.2 Event Seletion
In addition to the detetor status, whih is reorded for eah run, the information
about the detetor status for shorter timeslies is available. During data taking every
 10 s the status of hardware omponents is heked and written to a database. This
information is aessible for eah single event (event wise status information).
H1 uses the so alled high-voltage-bit system, whih reates the high-voltage bits (HV-
bits), and the slow ontrol system, whih reates the BBL3-bits. A failure of the or-
responding hardware system is represented by a bit set. The reorded information is
2
The name TAXI branh omes from the name of the read out hardware: VME-TAXI[100℄.
3
analog digital onverter
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dierently delayed for the individual status bits, sine it takes time from seonds to a
minute for the high voltage system and the slow ontrol system to build the detetor
status information. Even though the information is delayed, the event wise detetor
information is used to selet events, as reommended and disussed in [101℄.
Aording to the detetor requirements for this analysis (see setion 7.1) the following
status bits are used:
HV-bits: CJC1, CJC2, CIP, COP (only trak-luster), BST (only luster-luster),
SpaCal, luminosity system
BBL3-bits: CJC1+CJC2, SpaCal and the low and high voltage status of CIP+COP,
LAr alorimeter ADC and luminosity system.
The COP has negligible geometrial aeptane for luster-luster events (see gure 2.4)
and is therefore only required for the trak-luster sample.
The event wise detetor status informations enables to use those runs, in whih some
detetor omponents are not operational for a short time. The fration of the run
useful for physis analysis is determined and the luminosity for the run is orreted
aordingly.
4
7.3 Kinemati Cuts
In this setion the seletion riteria are desribed, whih selet events aording to the
J= topology. In order to be able to treat data and MC events in the same way the
following proedure is applied.
The seletion of the events from real data is done in a two step proess. The rst
step uses DST (see setion 4.4) as input and performs a 'soft' seletion, whih is alled
preseletion. Only for those events, whih full the preseletion, information is written
in the Ntuple-format to HBOOK les.
The seletion of MC events uses generated-simulated-reonstruted events as input.
Here the information is written in the Ntuple-format for all events. This is neessary
for the alulation of eÆienies. The preseletion deision is added to the Ntuple.
Data and MC events are subjeted to the same seletion starting from the Ntuple.
The seletion is separated into the following groups of uts, whih are desribed in the
following setions:
5
 basi uts: preseletion (see setion 7.3.1),
 angular uts: uts on the angle of the J= deay eletron andidates (see
setion 7.3.2),
4
The alulation of the luminosity takes also other eets into aount and is the topi of setion 8.1.
5
The ordering of the ut groups is based on the determination of the eÆienies in setion 8.4.
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 energy uts: uts on the energy and transverse momentum of the J= deay
eletron andidates (see setion 7.3.3),
 misellaneous uts (see setion 7.3.4),
 mass ut: window ut on the invariant mass of the J= deay eletron andidates
(see setion 7.3.5),
 BST ut: BST trak requirement for the luster-luster sample (see setion 7.3.6),
 trigger uts: ut on trigger level 1, 2 and 4 (see setion 7.3.4)
 forward lassiation (see setion 7.5).
7.3.1 Basi Cuts
The basi uts are the seletion riteria applied in the preseletion. Although most of
the uts are applied on analysis level in stronger version, the preseletion uts have
to be treated separately | as explained in setion 7.3 | beause of the eÆieny
determination (see setion 8.4).
The preseletion uts use properties of entral traks, energy lusters in the LAr
alorimeter and the SpaCal. Aording to the nomenlature 'trak-luster' and 'luster-
luster' sample, in the following 'trak' refers always to a trak in the entral traking
system and 'luster' refers to an energy deposition in the SpaCal. Traks resulting
from the BST trak nding are expliitely alled 'BST-traks' and energy depositions
in the LAr alorimeter are alled LAr-lusters.
The trak seletion is based on [102℄. There, small trak segments are ombined and
double ounting of trak andidates is avoided. The following uts are applied on the
trak andidates:

trak
> 20
Æ
; (7.1)

trak
< 160
Æ
;
p
trak
> 0:6GeV=  ;
p
trak
t
> 0:15GeV=  ;
DCA
trak
< 2:0 m ;
r
trak
start
< 50:0 m ;
l
trak
> 10:0 m for 
trak
< 150
Æ
;
l
trak
> 5:0 m for 
trak
> 150
Æ
;
elqual  poor ;
where 
trak
, p
trak
, p
trak
t
are the polar angle, the momentum and the transverse mo-
mentum of the trak andidate. DCA
trak
is the distane of losest approah of the trak
to the beam axis and r
trak
start
is the distane of the starting point of the trak to the
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beam axis in the xy-plane. The dierent ut values for the trak length l
trak
take the
geometry of the traking hambers at large polar angle  into aount (see gure 2.4).
The quantity elqual is a handle for the partile identiation of the trak andidate
as originating from an eletron. The energy deposition of hadrons, e.g. pions, in the
LAr alorimeter (see setion 2.2.2.1) is less than the energy deposition of eletrons
with the same energy (non ompensating alorimeter). The hadroni and eletromag-
neti shower also dier in shape. In order to determine elqual the trak andidate is
prolonged to the LAr alorimeter. On basis of alorimeter ells the energy in the ele-
tromagneti part and the hadroni part, the weighted distane of the alorimeter ell
to the trak, the weighted shower depth and the ratio of the energy deposition in the
alorimeter to the trak momentum is alulated. The evaluation of the shower shape
is neessary due to the low energy deposition in the alorimeter. Taking the ontribu-
tions into aount, the quality riterion elqual is reated. For a detailed desription
refer to [68℄. For the event seletion the low riterion 'elqual  poor' is used.
For the trak-luster seletion exatly one trak fullling the onditions in equation 7.1
is required. For the luster-luster seletion no trak andidate passing the riteria in
equation 7.1 is allowed.
The onditions for the luster andidates in the SpaCal are dierent for the trak-luster
(TC) and luster-luster (CC) seletion:
TC : E
luster
> 3:0GeV ; 
luster
> 150
Æ
CC : E
luster
> 3:5GeV ; maxfE
luster
g > 5:0GeV
TC and CC : r
luster
< 4 m ; E
luster
had
< 0:5GeV
(7.2)
E
luster
, 
luster
, r
luster
are the energy, the polar angle and the radius ('size') of the
lusters. E
luster
had
is the energy in the hadroni SpaCal behind a luster in the ele-
tromagneti SpaCal. For the desription of the uts on r
luster
and E
luster
had
refer to
setion 7.3.4. The values for the energy uts are motivated by gure 3.4 and gure 3.5.
For the trak-luster seletion one luster and for the luster-luster seletion two lus-
ters have to full the onditions in equation 7.2. In addition to these lusters additional
4 lusters are allowed, whih are used in setion 7.3.4.
An opening angle  > 50
Æ
in the xy-plane between the two deay eletron andidates
is required.
7.3.2 Angular Cuts
The deay eletron andidates are sorted by the polar angle . For the trak-luster
sample the index 1 refers to the 'trak' and the index 2 to the 'luster'. The following
uts on the polar angle of the deay eletrons are applied for the trak-luster (TC)
and the luster-luster (CC) sample:
80
Æ
< 
TC
1
< 155
Æ
; 160
Æ
< 
CC
1
< 174:0
Æ
;
160
Æ
< 
TC
2
< 177
Æ
; 160
Æ
< 
CC
2
< 175:5
Æ
:
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The polar angle ranges are basially determined by the the aeptane of the or-
responding detetor omponents: the entral traking hambers 20
Æ
<  < 160
Æ
(see
setion 2.2.1.3), the LAr alorimeter 4
Æ
<  < 153
Æ
(see setion 2.2.2.1) and the SpaCal
153
Æ
<  < 177:5
Æ
(see setion 2.2.2.2).
The lower limit of 80
Æ
for the polar angle 
TC
1
of the trak in the trak-luster seletion
is determined by the L4 nder JPSPATC (see setion 4.3). The lower limit of 160
Æ
for the polar angle 
TC
2
for the luster in the trak-luster seletion is a remnant of
the preseletion. Its purpose is a lear lassiation as 'trak' and 'luster' for the
trak-luster sample.
For the other limits refer to the distribution of the polar angle of the J= deay
eletron andidates in gure 7.6 and gure 7.7 for both samples, trak-luster and
luster-luster. There all uts desribed in this hapter are applied with exeption of
the ut on the orresponding polar angle and the forward lassiation (see setion 7.5).
It is visible, that the other uts | mainly the energy uts | work as impliit -uts.
The expliit  uts are therefore very soft uts. They are applied with view on the
determination of the geometrial aeptane in setion 8.2.1.
The ut 
CC
1
< 174
Æ
ensures for the luster-luster sample, that at least one SpaCal
luster is in the geometri aeptane of the L1 trigger element SPCLe IET > 1 (see
setion 4.1.4).
An additional impliit -ut is applied. Events with one luster in the xy-regions of
ineÆient SpaCal trigger ells are not seleted for the analysis. The xy-regions vary
with the run number [103℄.
7.3.3 Energy Cuts
The following uts on the momentum p
1
, the energy E
1
and E
2
and the transverse
momentum p
t;1
and p
t;2
of the J= deay eletron andidates are applied for trak-
luster (TC) and luster-luster (CC) seletion:
p
TC
1
> 0:8GeV=  ; E
CC
1
> 4:2GeV ;
E
TC
2
> 4:2GeV ; E
CC
2
> 4:2GeV ;
E
TC
2
> 6:0GeV (in SpaCal-box) ; max

E
CC
1
; E
CC
2
	
> 6:0GeV ;
p
TC
t;1
> 0:7GeV=  ; p
CC
t;1
> 1:0GeV=  ;
p
TC
t;2
> 0:7GeV=  ; p
CC
t;2
> 1:0GeV=  :
The energy and momentum distributions are shown in gure 7.6 and gure 7.7. There,
all uts with exeption of the ut on the orresponding quantity and the forward
lassiation (see setion 7.5) are applied. The trigger seletion leads to impliit energy
uts. The distributions show, that the above uts are soft. They are applied, in order
to determine the ombined aeptane of the angular and energy uts in setion 8.2.1.
The ut 'E
TC
2
> 6:0GeV (in SpaCal-box)' is neessary, beause the L1 subtrigger S33
(see setion 4.1.6) ontains the trigger element SPCLe IET CEN 3 (see setion 4.1.4).
This trigger element is built from SpaCal trigger information from the entral region:
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 24:5 m < x < 16:6 m,  17:2 m < y < 24:5 m. This region denes the 'SpaCal-
box'. In gure 7.1 the eÆieny of the trigger element SPCLe IET CEN 3 as a funtion of
the energy is shown. At the energy of 6GeV the trigger element reahes 50% eÆieny.
Therefore the ut 'E
TC
2
> 6:0GeV (in SpaCal-box)' is applied for the trak-luster
seletion.
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MC Figure 7.1: The eÆ-
ieny of the trigger ele-
ment SPCLe IET CEN 3 as
a funtion of the energy
is shown for data and
MC. The spatial range
is restrited to the en-
tral region of the SpaCal:
 24:5 m < x < 16:6 m,
 17:2 m < y < 24:5 m.
The following ut on the reonstruted squared transverse momentum p
2
t
of the J= is
applied to data and MC events:
6
p
2
t
< 1:2GeV
2
= 
2
for fwd.-untagged events,
p
2
t
< 5:0GeV
2
= 
2
for fwd.-tagged events.
Using this ut the proton-elasti and proton-dissoiative ross setions of the J= 
photoprodution are equal and the MC ontributions an be mixed taking the same
number of generated events for eah sample [84, 104, 105℄.
7.3.4 Misellaneous Cuts
The following seletion riteria are applied for the trak-luster (TC) and the luster-
luster (CC) seletion:
TC and CC : r
luster
< 3:5 m ;
TC and CC : jz
vtx
  z
run
vtx
j < 40 m ;
TC : jpeslus < 0:06 ;
CC : jpeslus < 0:04 :
The lateral size of lusters r
luster
in the eletromagneti SpaCal is a good handle for
the separation of hadroni and eletromagneti shower. This is possible due to the
ne segmentation of the eletromagneti SpaCal and the Moliere radius of 25:5 mm
6
For the nomenlature 'fwd.-untagged' and 'fwd.-tagged' refer to setion 3, setion 6.4.3 or se-
tion 7.5.
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(see setion 2.2.2.2). In [106℄ it is shown, that the requirement of r
luster
< 3:5 m
and E
luster
had
< 0:2GeV yields an eletron identiation eÆieny of (99  1)% and a
pion misidentiation of < 2%. E
luster
had
is the energy in the hadroni SpaCal in a irle
with 17:5 m radius behind the eletromagneti luster. [107℄ suggest, not to use the
information from the hadroni SpaCal for this analysis, sine at these low energies the
value is strongly inuened by noise, whih is not simulated in MC. In order to avoid a
systemati bias due to noise in the hadroni SpaCal no additional ut on the hadroni
energy in the SpaCal is applied (see the preseletion in setion 7.3.1). In addition it
is heked, that the ut on E
luster
had
< 0:2GeV would rejet only less than 0:4% of the
events in the data.
The ut on the z
vtx
position uses the reonstruted vertex position from the entral-
trak for the trak-luster sample and from the BST-trak(s) for the luster-luster
sample. This ut is important for the satellite bunh orretion in the luminosity
alulation (see setion 8.1). z
run
vtx
is the average vertex position z
vtx
in a run.
jpeslus is the ratio of the energy in the SpaCal outside of the energy depositions of
the J= deay eletron andidates. The ut on jpeslus ensures an empty SpaCal
besides the main lusters, whih is the expeted signature of events in photoprodution.
The preseletion in setion 7.3.1 allows additional SpaCal lusters. The energy of these
additional lusters is summed up and divided by E
2
for the trak-luster and E
1
+E
2
for
the luster-luster sample. The minimal energy of eah additional luster is 200MeV.
The noise in the eletromagneti SpaCal is  3MeV=ell. On average 15   25 ells
ontribute to a luster, whih results in noise for a luster of
p
15  253MeV  12 
15MeV [108℄. Therefore pure noise does not ontribute to the sum. The distributions
of jpeslus are shown in gure 7.2 for the trak-luster and luster-luster sample.
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Figure 7.2: The energy
fration jpeslus is shown
for the the trak-luster
and luster-luster sample
for data (dots) and MC
events (solid line).
Usually a ut on y
JB
is applied in order to rejet QED-Compton events[68, 109℄. In
the ase of QED-Compton events ep! ep the sattered beam eletron and a photon
are deteted in the detetor and give a topology similar to J= deays. Due to energy
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and momentum onservation it is therefore y
JB
 1. y
JB
is onneted to the p entre
of mass energy W
p
by equation 6.4: W
p
2
 y
JB
s+m
2
p
. An usual value for the ut on
y
JB
is 0:81. In setion 8.2 the binning in W
p
is presented for the trak-luster and the
luster-luster sample. The binning in W
p
for the trak-luster sample is impliitly an
even stronger ut on y
JB
. The upper limit W
p
 235GeV orresponds to y
JB
 0:54.
Due to the W
p
range for the luster-luster sample, the y
JB
ut annot be applied.
Therefore no expliit ut on y
JB
is applied for the trak-luster and luster-luster
seletion.
7.3.5 Mass Cut
For the alulation of eÆienies the following ut on the invariant mass m
e
+
e
 
of the
J= deay eletron andidates is applied for the trak-luster (TC) and the luster-
luster (CC) seletion:
TC : 2:6GeV= 
2
< m
e
+
e
 
< 3:4GeV= 
2
CC : 2:8GeV= 
2
< m
e
+
e
 
< 3:4GeV= 
2
These mass windows are also used in setion 8.3 as intervals for the integration in the
signal extration. The asymmetri mass window for the trak-luster ut around the
nominal J= mass m
J= 
 3:1GeV= 
2
is a onsequene of the radiative tail in the
distribution of the invariant mass towards lower masses (see setion 8.3).
7.3.6 BST Cut
The BST ut is based on the traks resulting from the BST trak nding (see se-
tion 6.2). The main purpose of the BST traks is the reonstrution of a vertex, if no
information from a entral trak is available. With the vertex position the measure-
ment of the polar angle  in the bakward region is improved. If a vertex information
is already avaliable, the additional improvement by the preise  measurement is a
small eet. While the improvement on the resolution is negligible for the trak-luster
sample, it is essential for the luster-luster sample. Taking this and the eÆieny of
the BST trak nding into aount (see gure 6.11), no BST trak is required for the
trak-luster seletion, sine the entral-trak already provides the vertex information.
For the luster-luster sample the BST trak nding is essential, sine no entral trak
exists and only the BST trak provides vertex information. Therefore at least one
BST trak is required for the luster-luster seletion. If the seond luster is also in
the geometrial aeptane of the BST, a seond BST trak is required, in order to
suppress bakground events originating from the QED-Compton proess, where one
luster is aused by a photon.
The geometrial aeptane of the BST is determined from the data. For eah plane
and eah -segment the minimum and maximum radius of hits is determined. By
this method ineÆient regions at the inner or outer edges of the segments are taken
into aount. Based on this information, the z-position of the vertex z
vtx
and the
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polar angle  of a partile andidate the number of BST planes n
planes
is determined
whih would be hit. Taking into aount in addition the resolution of z
vtx
and , the
minimum n
planes
min
and maximum number n
planes
max
of BST planes is determined whih a
partile andidate would ross. In gure 7.3 the values of n
planes
, n
planes
min
and n
planes
max
are
shown as funtions of the polar angle  for dierent values of the vertex position z
vtx
.
A luster is in the geometrial aeptane of the BST, if n
planes
min
 3.
In gure 7.4 the distribution of the reonstruted invariant mass m
e
+
e
 
of the J= 
deay eletron andidates is shown for the luster-luster sample: without BST ut,
with BST ut and in addition with improved polar angular measurement. The gure
shows, that the usage of the BST information is essential in the luster-luster seletion.
7.4 Trigger Cuts
The triggers for the trak-luster and the luster-luster seletion are desribed in
hapter 4. The motivation for the hoie of the partiular hain of level 1 subtrigger
(see setion 4.1.6), level 2 subtrigger (see setion 4.2.3 and setion 4.2.4) and L4 nder
(see setion 4.3) for eah of the two topologies is also given in hapter 4:
sample L1ST L2ST L4 nder
trak-luster S33 L2TB 8 JPSPATC
luster-luster S40 L2TB 6 JPSPAC
The ativation of the orresponding L1ST and L2ST and L4 nder are required for the
seletion of data and MC events.
The trigger hain is determined by the hoie of the L1ST. In order to study other
L1ST andidates all uts desribed in this hapter are applied with exeption of the
trigger uts. All ativated L1STs are shown in gure 7.5. In order to study whether
also other L1ST are suitable for triggering J= events, the ativated L1ST are shown,
where the subtrigger S33 for the trak-luster sample and the S40 for the luster-luster
sample are not ativated respetively. Figure 7.5 shows, that the other L1ST deliver
not enough statistis to be inluded in the analysis. The independent L1 subtriggers
S61 is used to rosshek the eÆieny of the L2NN for the trak-luster seletion.
No independent L1 subtrigger exists for the the luster-luster seletion, sine all high
statistis L1 subtrigger in gure 7.5 are also validated by L2 subtriggers.
A possibility to inrease the statistis would be, to take several L1ST (L1ST oktail)
for the seletion of one sample. This ompliates the alulation of the luminosity. In
setion 8.1 the alulation of the luminosity is desribed, where the presale fator of
one L1ST is taken into aount. For a L1ST oktail the relative presale fators of
all L1ST in the oktail have to be taken into aount. The individual presale fators
are adjusted automatially in order to take the dierent beam onditions into aount.
Therefore the relative presale fators for the L1ST oktail an hange from run to
run. Comparing the additional systematis and the low statistis of the other L1ST,
the possibility of a L1ST oktail is disarded. Therefore only one L1ST is hosen for
eah sample.
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Figure 7.3: The points show the number n
planes
of BST planes a trak with a given polar
angle  and vertex position z
vtx
would ross at azimuthal angle  = 0
Æ
. The variation of the
polar angle  and the vertex position z
vtx
by the measurement resolution gives the shaded
band of the minimum n
planes
min
and maximum number n
planes
max
of BST planes a trak would hit.
This information is used to determine the geometrial aeptane of the BST.
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Figure 7.4: The distribution of the
reonstruted invariant mass m
e
+
e
 
of
the J= deay eletron andidates is
shown for the luster-luster sample.
The dashed and solid line show the dis-
tributions without and with applia-
tion of the BST ut. Taking the im-
proved measurement of the polar an-
gle into aount the distribution repre-
sented by the points is reahed.
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Figure 7.5: The ativated
L1ST for the trak-luster
and luster-luster sample
are shown. All uts of
this hapter with exep-
tion of the trigger se-
letion are applied (solid
line). The lled histograms
show the ativated L1ST
in the ase when S33 and
S40 are not ativated for
the trak-luster and lus-
ter-luster sample respe-
tively.
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7.5 Forward Classiation
The information of the forward detetors | the forward part of the LAr Calorimeter
(see setion 2.2.2.1), the forward muon detetor FMD (see setion 2.2.3.2) and the pro-
ton remnant tagger PRT (see setion 2.2.4) | is used for the lassiation of events as
fwd.-tagged and fwd.-untagged (see setion 3 for the nomenlature). The lassiation
riteria are already dened in setion 6.4.3. An event is alled fwd.-tagged if one of the
following uts is fullled:
 E
LAr10
> 0:75GeV,
 N
FMD
> 1 in the layers 1, 2 and 3 of the FMD,
 N
PRT
> 0 for the hannels 1, 2 and 3 of the PRT,
where E
LAr10
is the energy in the forward LAr alorimeter for the polar angle range
 < 10
Æ
, N
FMD
is the number of hits in the FMD and N
PRT
is the number of hits in
the PRT.
The lassiation in fwd.-tagged or fwd.-untagged is used for the determination of the
number of proton-elasti or proton-dissoiative events (see setion 8.5).
7.6 Control Distributions
In gure 7.6 and gure 7.7 the distribution of the the energy E
1=2
, the transverse
momentum p
t;1=2
, the polar angle 
1=2
, the azimuthal angle 
1=2
, the z
vtx
position and
the kinemati variables W
p
and p
2
t
are shown for the ombined data of the running
periods 1999 e
+
and 2000 e
+
. The two plots for the kinemati variable p
2
t
ontain the
same data, but have a dierent sale on the absissa.
For the trak-luster seletion the index 1 refers to the trak, the index 2 to the luster.
For the luster-luster seletion the index 1 refers to the deay eletron andidate with
lower polar angle .
The distributions of data are ompared with the sum of proton-elasti and proton-
dissoiative MC distributions of the generators DiffVM (see setion 5.1.1), LPair2 (see
setion 5.1.2) and COMPTON (see setion 5.1.3). For the distributions all uts desribed
in hapter 7 are applied exept the ut on the plotted quantity and the forward lassi-
ation (see setion 7.5). The data distributions are well desribed almost everywhere.
Two wires of the CJC2 in the region of the azimuthal angle   0
Æ
broke at run 263235
and 265173 respetively. This aets the distribution 
1
of the trak-luster sample,
whih shows a drop in the number of events at around 
1
 0
Æ
. The distribution of
the azimuthal angle 
2
of the luster shows the expeted lower statistis at 
2
 180
Æ
.
The eet of the broken wires is well desribed by MC.
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Figure 7.6: Trak-Cluster: For the desription of the distributions refer to setion 7.6.
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Figure 7.7: Cluster-Cluster: For the desription of the distributions refer to setion 7.6.
Chapter 8
Analysis
In this hapter the basis for the alulation of ross setions is presented. The formula
for the alulation of the elasti photoprodution ross setion 
p!J= p
is

p!J= p
=
N
notag
 (1  f
 (2S)
)  f
ed
F

 "
tot
 B  L
; (8.1)
where N
notag
is the number of fwd.-untagged signal events for the orresponding hannel
in a region of phase spae, B = (5:93 0:10)% [110℄ is the branhing ratio for J= !
e
+
e
 
, L the integrated luminosity, "
tot
the total eÆieny and F

is the photon ux
fator onneting the p ross setion with the ep ross setion (see equation 1.24).
f
ed
is the orretion fator for the proton elasti photoprodution and f
 (2S)
is the
orretion fator for the ontamination from  (2S) deays.
The alulation of the integrated luminosity L is desribed in setion 8.1.
The elasti photoprodution ross setion
1
(W
p
) is alulated for dierent regions of
phase spae, in this ase for intervals in W
p
. These intervals are also alled bins. The
dierential ross setion
d
dt
will be given in bins of jtj  p
2
t
. The hoie of binning is
presented in setion 8.2.
At HERA the e
+
p ross setion 
e
+
p!J= e
+
p
is measured. In order to obtain the pho-
toprodution ross setion 
p!J= p
equation 1.23 is used whih onnets the two ross
setions by the photon ux fator F

(see setion 1.3):

p!J= p
=
1
F


e
+
p!J= e
+
p
: (8.2)
The photon ux fator F

is alulated by numerial integration of equation 1.24 for
the orresponding W
p
ranges of the dierent binnings (see setion 8.2.3).
The total eÆieny "
tot
inludes eets from detetor aeptane and the seletion rite-
ria from hapter 7 inluding the kinemati and the trigger seletion. The determination
of the eÆienies is desribed in setion 8.4.
1
The shorthand notations (W
p
) and
d
dt
are used for the total and dierential elasti J= pho-
toprodution ross seions.
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The signal extration and the bakground subtration are explained in setion 8.3. The
number of proton-elasti events is obtained by applying the orretion fator f
ed
. Its
determination is desribed in setion 8.5.
The J= signal ontains also events originating from  (2S) deays to J= and neutral
partiles. The ontamination amounts to f
 (2S)
= 0:040  0:005 [99℄. This ontami-
nation is redued to f
TC
 (2S)
= 0:012  0:005 and f
CC
 (2S)
= 0:005  0:005 by the ut
jpeslus (see setion 7.3.4) for the trak-luster and the luster-luster samples re-
spetively [111℄.
For the alulation of the dierential ross setion
d
dt
an unfolding of the number of
events in bins of p
2
t
to the number of events in bins of jtj is neessary. The unfolding
method is desribed in setion 8.6.
In setion 8.7 the determination of the systemati errors is presented.
8.1 Luminosity Calulation
For eah run an integrated luminosity is measured by the luminosity system (see se-
tion 2.2.6). The following orretions are applied: satellite bunh orretion, HV-bit
orretion and L1ST-presale orretion.
The HERA proton beam has a ompliated longitudinal struture. This is the onse-
quene of the methods used for the aeleration. In addition to the main bunhes (see
setion 2.1) several neighbouring bunhes | so alled satellite bunhes| exist. Events
originating from ollisions of the proton satellite bunhes with bunhes of the eletron
beam ontribute to the measurement of the luminosity. Events from suh ollisions are
'out of time' and therefore lead to additional peaks in the distribution of the vertex
position z
vtx
besides the main interation region. The largest eet on the luminosity
alulation have the 'late satellite bunhes', whih lead to an additional peak in the
z
vtx
distribution at +72 m. On the other hand, for the seletion of J= events the
ut jz
vtx
j < 40 m (see setion 7.3.4) is applied. This ut is taken into aount in
the alulation of the integrated luminosity (so alled satellite bunh orretion). This
orretion is typially 5  10% with an unertainty of 0:6  1% [112, 113℄.
In addition the integrated luminosity is orreted aording to the requirements of
the individual physis analysis. Eah physis analysis needs a speial set of detetor
omponents to be operational. The fration of a run in whih these detetors are
operational is obtained from the event wise detetor status information (see setion 7.2).
The integrated luminosity is orreted aordingly (HV-bit orretion).
The presale fators (see setion 4.1) of the orresponding L1ST are also taken into
aount for the luminosity alulation (L1ST-presale orretion). The integrated lu-
minosity is orreted for eah run. The amount of data, taken with dierent presale
fators of the L1ST S33 and S40, is shown in gure gure 8.1. The ontinuous, integer
distribution of the presale fators is a feature of the autopresale mehanism, whih
adjusts the presale fators aording to the maximum rate of the subtrigger. The
average presale fators for the dierent running periods are listed in table 8.1.
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Figure 8.1: The amount
of data, taken with dif-
ferent presale fators of
the L1ST S33 and S40
for the trak-luster and
the luster-luster sele-
tion, is shown for the run-
ning period 2000 e
+
. The
entries in the histograms
are weighted by the inte-
grated luminosity of the
runs (solid line) and by
the nal orreted inte-
grated luminosity (shaded
histogram).
The nal orreted integrated luminosity is summed up for all runs passing the run
seletion desribed in setion 7.1. In table 8.1 the value and error of the orreted
integrated luminosity for the L1ST S33 and S40 for the dierent running periods are
listed.
The number of seleted events per 1 pb
 1
for the trak-luster and luster-luster
sample is shown in gure 8.2. The low event yield for the running period 1999 e
 
is aused by the low BST trak nding eÆieny (see gure 6.11). The running period
1999 e
 
is therefore exluded from this analysis. The seond half of the running period
1999 e
+
(run number > 256000) is exluded from the analysis due to broken wires in
eah the CJC1 and the CJC2. The drop in the event yield for the luster-luster
seletion in the run range 269000  run number  272000 is aused by BST read-out
problems [95℄, whih result in a redued BST trak nding eÆieny (see gure 6.9).
trak-luster luster-luster
1999 e
+
hpri 1.20 1.16
L [pb
 1
℄ 5.89 6.10
ÆL [%℄ 1.10
ÆL
sat
[%℄ 1.00
ÆL
tot
[%℄ 1.50
2000 e
+
hpri 1.54 1.80
L [pb
 1
℄ 24.37 20.80
ÆL [%℄ 1.30
ÆL
sat
[%℄ 0.60
ÆL
tot
[%℄ 1.45
total hpri 1.47 1.65
L [pb
 1
℄ 30.26 26.90
ÆL
tot
[%℄ 1.50
Table 8.1: The aver-
age presale fators hpri
and the orreted inte-
grated luminosity L for
the trak-luster and lus-
ter-luster sample for the
dierent run periods are
shown. The relative error
of the luminosity measure-
ment ÆL, the relative error
of the satellite bunh or-
retion ÆL
sat
and the to-
tal relative error ÆL
tot
are
taken from [113℄.
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Figure 8.2: The num-
ber of seleted events per
1 pb
 1
for the trak-luster
and luster-luster sample
and the mean values for the
running periods 1999 e
+
and 2000 e
+
are shown. All
uts of hapter 7 are taken
into aount with the ex-
eption of the forward se-
letion. Bakground is not
subtrated.
8.2 Binning and Photon Flux
The measurement of the ross setions (W
p
) and
d
dt
is performed in intervals of the
phase spae. The hoie of these intervals, the so alled binning, is desribed in the
following setions 8.2.1 and 8.2.2.
The photon ux F

depends on the W
p
interval. The alulation is desribed in
setion 8.2.3.
8.2.1 W
p
Binning
The ross setion (W
p
) is measured in bins of W
p
, the so alled W
p
binning. The
overall W
p
ranges for the trak-luster and luster-luster samples are determined by
the aeptane. In the hosen W
p
range the aeptane is  30% (see gure 8.3).
The W
p
bins are hosen to have similar statistis in the bins within the sample. This
hoie of binning leads to a statistially stable signal extration (see setion 8.3).
The denition of the bins used for the ross setion alulation is listed in table 8.2.
As absissa for the ross setion measurements the mean value hW
p
i of the W
p
bins
is used. hW
p
i is determined as the entre of gravity by MC.
The resolution of W
p
within the bins ranges from 2:9GeV to 3:4GeV whih is muh
smaller than the width of the bins. The migration of events from bin to bin is studied
using purity and stability. The quantities purity and stability are dened for eah bin
in the following way:
purity = N
gen+re
=N
re
; (8.3)
stability = N
gen+re
=N
gen
;
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Figure 8.3: The a-
eptane as a funtion
of W
p
is shown for
the trak-luster and
luster-luster sample.
The angular uts (see
setion 7.3.2) alone or
together with the energy
uts (see setion 7.3.3) are
applied on generated val-
ues of J= deay eletrons.
trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 155:0 170:0 185:0 205:0 205:0 235:0 255:0 280:0
max:W
p
[ GeV℄ 155:0 170:0 185:0 205:0 235:0 235:0 255:0 280:0 305:0
hW
p
i [ GeV℄ 144:9 162:5 177:3 194:8 219:6 219:6 244:8 267:2 292:3
F

=10
 2
0:885 0:545 0:464 0:517 0:607 0:607 0:320 0:329 0:267
Table 8.2: For the W
p
binning the bin boundaries, the mean value hW
p
i and the photon
ux F

are shown for the trak-luster and luster-luster sample.
where N
gen
is the number of events generated in the bin, N
re
the number of events
reonstruted in the bin. N
gen+re
is the number of events whih are generated and
reonstruted in this bin. The numbers N
gen
, N
re
, N
gen+re
are determined with a
signal MC sample whih passed all seletion riteria.
The purity and stability for the W
p
binning are shown in gure 8.4. The high values
for both, purity and stability, indiate low migration between the bins.
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Figure 8.4: The purity
and stability for the W
p
binning are shown for
the trak-luster and
luster-luster sample.
8.2.2 p
2
t
Binning
For the measurement of the dierential ross setion
d
dt
two binnings are neessary: a
binning in p
2
t
and a binning in jtj.
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The kinemati variable jtj is experimentally not aessible (see setion 6.3). Therefore
the approximation jtj  p
2
t
is used for the event ounting. The number of events is
determined in bins of W
p
and p
2
t
.
Due to limited statistis the dierential ross setion
d
dt
is measured for the trak-luster
and luster-luster sample in one bin of W
p
for eah sample. These two W
p
bins are
the total W
p
ranges of the trak-luster and luster-luster samples respetively.
The overall range in p
2
t
is limited by the p
2
t
ut for the fwd.-untagged event seletion
(see setion 7.3.3). A non-equidistant binning in p
2
t
is hosen taking into aount the
exponential distribution of data in the bins. The atual bin boundaries are adjusted
to the values in [99℄ in order to be able to ombine the results from both analyses.
Beause of lower statistis the highest three p
2
t
bins are eah a ombination of two bins
from [99℄. The bin boundaries are listed in table 8.3.
trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 205:0
max:W
p
[ GeV℄ 235:0 305:0
hW
p
i [ GeV℄ 180:6 250:7
min: p
2
t
[ GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[ GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
hp
2
t
i [ GeV
2
= 
2
℄ 0:033 0:103 0:211 0:420 0:798 0:033 0:103 0:211 0:420 0:791
F

=10
 2
3:016 1:522
Table 8.3: For the p
2
t
binning the bin boundaries, the mean value hp
2
t
i for the bins and the
photon ux F

are shown for the trak-luster and luster-luster sample.
The mean value hp
2
t
i for a p
2
t
bin or jtj bin is determined by generated MC events.
Beause of the exponential behaviour of the dierential ross setion and the wide bins
this value is not suited as absissa for the dierential ross setion measurement. As
disussed in [114℄ the orret position t
pos
in the bin [t
min
; t
max
℄ is
d
dt
(t
pos
) =
1
t
max
  t
min
Z
t
max
t
min
d
dt
(t) dt : (8.4)
With the assumption
d
dt
(t) / e
 bjtj
this leads to
t
pos
= t
min
+
1
b

ln(b  (t
max
  t
min
))  ln(1  e
 b(t
max
 t
min
)
)
	
; (8.5)
where the slope parameter b is determined in an exponential t to
d
dt
(see setion 9.2.1).
Therefore the determination of the positions t
pos
in the bins and the slope parameter
b is done in an iterative proedure.
2
The onvergene is tested.
The alulation of the dierential ross setion
d
dt
needs the number of events in bins
of jtj. The number of events in bins of jtj is determined from the number of events in
bins of p
2
t
by an unfolding method (see setion 8.6). The same bin boundaries for the
2
The results of t
pos
and b for the trak-luster and luster-luster samples are listed in table 9.4.
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jtj binning are used as for the p
2
t
binning (see table 8.3). The hoie of the binning
both in p
2
t
and in jtj is referred to as the p
2
t
binning.
In order to study the approximation jtj  p
2
t
(see setion 6.3) the following method
for the alulation of purity and stability is used. On the generator level the bin is
determined by the quantity jtj and on reonstrution level by the quantity p
2
t
.
The low values for purity and stability (see gure 8.5) indiate large migration
3
between
the bins. Therefore the unfolding method of the number of events in bins of p
2
t
to the
number of events in bins of jtj is neessary. The unfolding method is desribed in
setion 8.6.
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Figure 8.5: The purity
and stability for the p
2
t
binning are shown for
the trak-luster and
luster-luster sample.
8.2.3 Photon Flux
The photon ux F

is needed for the measurement of the photoprodution ross setion

p!J= p
(equation 8.2). F

depends on the W
p
interval. For the orresponding W
p
intervals in the W
p
binning and the p
2
t
binning the photon ux F

is alulated by
numerial integration of equation 1.24.
The W
p
intervals are transformed to y intervals using equation 1.4. The upper limit
of the integration is
4
Q
2
max
:= 1GeV
2
= 
2
.
3
The migration is shown in gure 8.9.
4
The hoie of Q
2
max
:= 1GeV
2
= 
2
is the standard value for photoprodution analyses in H1. For
Q
2
 1GeV
2
= 
2
the sattered beam eletron is usually not deteted. This hoie of Q
2
max
is also used
as a ut on generator level in order to selet the photoprodution topology in the J= simulation.
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The photon ux F

as a funtion of W
p
is shown in gure 8.6. The values of F

for
the W
p
binning and p
2
t
binning are shown in table 8.2 and table 8.3.
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Figure 8.6: The photon
ux as a funtion of W
p
is shown. The numerial
integration is done for in-
tervals in W
p
, whih are
indiated by the horizontal
lines.
8.3 Signal Extration
In the signal extration proedure the number of signal events is determined for a given
bin. The method applied in this analysis starts with the distribution of the invariant
mass m
e
+
e
 
of the J= deay eletron andidates. All seletion riteria from hapter 7
are applied.
In gure 8.7 the distribution of the invariant mass m
e
+
e
 
is shown for the trak-luster
and luster-luster samples. In both samples the J= events give a lear peak at
 3:1GeV.
In the trak-luster sample the distribution has a radiative tail towards lower mass
values. This tail is aused by events where the trak-eletron has radiated a photon.
The momentum measurement of the trak by the entral traking detetors does not
take into aount the radiated photon. Therefore the measured trak momentum is
lower than the momentum of the original eletron. This results in a lower reonstruted
invariant mass m
e
+
e
 
.
The peak for the luster-luster sample is symmetri, sine the energy depositions of
the radiated photons in the SpaCal belong to the same luster as for the originating
deay eletron. This is due to the fat that the radiated photons are emitted ollinear to
the deay eletrons and at large polar angle  the trak urvature due to the solenoidal
magneti eld is small.
The distribution of the invariant mass m
e
+
e
 
is ontaminated by bakground events.
The prominent proesses are the eletron pair prodution and QED Compton sattering
(see setion 5.1). The relative ontribution of the two proesses hanges with W
p
. At
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Figure 8.7: The distribution of the invariant mass m
e
+
e
 
of the J= deay eletrons is
shown for the seond W
p
bin of the trak-luster and the thirdW
p
bin of the luster-luster
sample. The ontribution from the eletron pair prodution and QED Compton proess are
shown.
small values of W
p
the main ontribution omes from the eletron pair prodution.
While at large W
p
the QED Compton sattering is dominating (see gure 8.7).
In order to handle the hanging bakground ontribution in the dierent bins the fol-
lowing method is applied. For eah bin the shape of the bakground is determined by
a t of a polynomial of seond order to the MC bakground predition. The MC bak-
ground predition ontains events from eletron pair prodution and QED Compton
proess. No forward lassiation (see setion 7.5) is applied. The result is a polyno-
mial funtion desribing the bakground shape. For further steps all parameters of the
bakground polynomial are xed with exeption of the normalisation (parameter P
1
).
The next step of the signal extration is a t to the m
e
+
e
 
distribution in the data.
The t funtion is a sum of an asymmetri peak funtion desribing the signal and the
polynomial funtion from the previous step for the bakground. The peak funtion is
f
peak
() = P
2

1
p
2  f
sigma
()
 exp
(
 
1
2


   P
3
f
sigma
()

2
)
f
sigma
() = P
4
+ P
5
 (j   P
3
j   (   P
3
)) ;
where  is the argument in GeV for the invariant mass m
e
+
e
 
and the parameters
P
2
: normalisation of the peak funtion
P
3
: peak position
P
4
: width of the peak
P
5
: asymmetry of the peak.
During the tting proedure the normalisation P
2
and the peak position P
3
are free
parameters. In order to take into aount the dierent shape of the peaks for the trak-
luster and luster-luster samples the parameters P
4
and P
5
are set to xed values
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determined from data. The width of the peak P
4
is xed to the values 0:0989 and
0:1107 for the trak-luster and luster-luster sample respetively. The asymmetry of
the peak P
5
is set to 0:1081 for the trak-luster sample. For the luster-luster sample
the asymmetry is set to P
5
:= 0.
The total number of events, the number of signal and bakground events are then
alulated by integration of the orresponding t funtions from the previous step. As
limits for the integration the mass window from setion 7.3.5 is used. This takes the
asymmetry due to the radiative tail into aount. The statistial error of the number
of signal and bakground events are determined from the errors of the t parameters.
Figure 8.8 shows examples for the peak and bakground t for one bin of the trak-
luster and luster-luster samples for the fwd.-untagged seletion. Appendix A on-
tains the full set of gures of the ts used for the signal extration for the dierent
binnings, the dierent event samples and the dierent fwd. lassiation. The ex-
trated number of events are listed in table 8.4 and table 8.5.
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Figure 8.8: The distribution of the invariant massm
e
+
e
 
of the J= deay eletrons is shown
for the seondW
p
bin of the trak-luster and the thirdW
p
bin of the luster-luster sample
(points). The peak and bakground t funtions are shown. The bakground histogram
ontains MC events from eletron pair prodution and the QED Compton proess. The
normalisation of the bakground t funtion is applied to the bakground histogram.
In order to study the systemati unertainty due to the peak funtion the peak t is
repeated on the MC mass distributions. The dierene between the integral and the
number of events is in all bins less than 0:8%.
8.4 EÆienies
The total eÆienies "
TC
tot
and "
CC
tot
of the seletion of J= photoprodution events for the
trak-luster and the luster-luster samples respetively are the following ombination
of single eÆienies
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trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 155:0 170:0 185:0 205:0 205:0 235:0 255:0 280:0
max:W
p
[ GeV℄ 155:0 170:0 185:0 205:0 235:0 235:0 255:0 280:0 305:0
N
tot
notag
436:0 478:6 464:2 412:5 377:2 259:3 251:9 301:4 266:4
23:6 25:3 26:0 24:2 24:4 17:6 17:0 19:7 19:8
N
bg
notag
117:4 137:5 123:7 102:9 101:3 42:7 30:8 56:5 90:1
10:1 11:6 12:0 11:2 11:9 6:0 5:2 7:5 9:5
N
notag
318:6 341:2 340:5 309:6 275:9 216:6 221:0 244:9 176:4
21:4 22:5 23:1 21:4 21:3 16:6 16:2 18:2 17:4
N
tot
tag
220:6 257:9 254:2 262:3 198:3 147:4 147:8 188:4 140:5
17:2 18:5 17:8 18:9 17:5 13:0 12:9 15:1 14:0
N
bg
tag
51:4 52:5 35:8 65:1 52:2 12:1 12:5 33:1 39:2
7:1 7:5 6:5 8:7 8:5 3:4 3:5 5:5 6:2
N
tag
169:2 205:5 218:4 197:2 146:1 135:3 135:3 155:3 101:3
15:7 16:9 16:5 16:8 15:3 12:5 12:4 14:1 12:5
Table 8.4: For theW
p
binning the total number of events (N
tot
notag
, N
tot
tag
), the number of sig-
nal (N
notag
, N
tag
) and bakground events (N
bg
notag
, N
bg
tag
) are listed. The forward lassiation
is applied.
trak-luster luster-luster
min:W
p
[GeV℄ 135:0 205:0
max:W
p
[GeV℄ 235:0 305:0
min: p
2
t
[ GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[ GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
N
tot
notag
812:2 403:7 520:0 308:9 125:0 404:2 203:0 263:9 149:9 62:0
34:5 23:4 26:6 20:9 13:6 23:4 15:9 17:9 14:1 8:9
N
bg
notag
334:2 70:6 92:3 71:4 31:4 126:9 30:6 23:4 25:3 14:6
18:1 9:6 11:0 9:4 6:3 10:5 5:6 5:4 5:5 3:7
N
notag
478:1 333:1 427:7 237:5 93:6 277:4 172:4 240:5 124:6 47:4
29:4 21:4 24:2 18:7 12:0 20:9 14:9 17:0 13:0 8:1
N
tot
tag
170:4 138:1 201:2 219:8 222:9 78:7 68:0 101:6 128:0 131:1
15:8 13:7 16:9 17:2 17:3 9:7 9:1 11:4 13:3 13:1
N
bg
tag
61:0 31:1 54:2 50:9 36:8 14:9 11:9 18:6 27:3 23:9
7:9 6:0 8:1 7:6 7:0 3:6 3:3 4:4 5:5 5:1
N
tag
109:5 107:0 147:0 168:9 186:1 63:8 56:1 83:1 100:7 107:2
13:6 12:3 14:9 15:5 15:8 9:1 8:5 10:5 12:1 12:1
Table 8.5: For the p
2
t
binning the total number of events (N
tot
notag
, N
tot
tag
), the number of signal
(N
notag
, N
tag
) and bakground events (N
bg
notag
, N
bg
tag
) are listed. The forward lassiation is
applied.
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eÆieny seletion riterion referene
"
sel
= "
basi
 "
run
 "
angle
 "
energy
 "
mis
 "
mass
equation 8.8
"
basi
basi uts setion 7.3.1
"
angle
angular uts setion 7.3.2
"
energy
energy uts setion 7.3.3
"
mis
misellaneous uts setion 7.3.4
"
mass
mass window setion 7.3.5
"
BST
BST seletion (only luster-luster) setion 7.3.6
"
trig1
trigger level 1 setion 7.4
"
trig2
trigger level 2 setion 7.4
"
trig4
trigger level 4 setion 7.4
Table 8.6: The single eÆienies whih orrespond to dierent seletion riteria are listed.
"
TC
tot
= "
sel
 "
BST
 "
trig1
 "
trig2
 "
trig4
; (8.6)
"
CC
tot
= "
sel
 "
BST
 "
trig1
 "
trig2
 "
trig4
; (8.7)
"
sel
= "
basi
 "
angle
 "
energy
 "
mis
 "
mass
: (8.8)
The desription of the single eÆienies are given in table 8.6.
In hapter 6 and setion 7.6 it is shown, that the data are well desribed by the MC
simulation. Therefore MC is used as the standard method to obtain the eÆienies.
The seletion eÆieny "
sel
is strongly inuened by the aeptane. Therefore the
values given in table 8.7 show the same behaviour as the aeptane in gure 8.3.
The BST seletion is only applied for the luster-luster sample. The eÆieny of the
BST trak nding is adjusted in MC to desribe the eÆieny for single BST traks
in data (see setion 6.2.3). The eÆieny "
BST
ontains further eets of the BST
seletion (see setion 7.3.6), whih inludes the geometrial aeptane of the BST and
an additional seond BST trak.
For the level 1 subtriggers S33 and S40 no other level 1 subtriggers with suÆient rate
exist, whih onsist of an independent set of level 1 trigger elements. Therefore the
eÆieny of the trigger level 1 annot be obtained from data and MC simulation is the
only possibility to determine the eÆieny.
The eÆieny of the trigger level 2 for the trak-luster sample is determined from
data using independent L1ST S61 (see setion 4.1.6) whih is not subjeted to further
rejetion on trigger level 2. For the rst bin in the W
p
binning the independent
L1ST S61 delivers insuÆient statistis and therefore the level 2 trigger eÆieny is
determined from MC for this bin. For the luster-luster sample no independent L1ST
exists (see setion 7.4) and therefore the eÆieny of the trigger level 2 is determined
using MC.
The trigger level 4 ut is applied after all other uts whih are stronger. Therefore the
eÆieny "
trig4
is always 1.
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The values for the single eÆienies and the total eÆieny "
tot
are listed in table 8.7
and table 8.8 for theW
p
binning and the p
2
t
binning respetively. For the measurement
of the dierential ross setion
d
dt
the total eÆieny "
tot;jtj
in bins of jtj is neessary.
The unorreted eÆieny "
unorr
tot;jtj
is determined from MC. The eÆieny of the level
2 trigger in bins of jtj annot be obtained from data, sine jtj is experimentally not
aessible. In order to use the eÆieny of the level 2 trigger determined from data,
the following orretion is applied for the trak-luster sample
"
tot;jtj
= "
unorr
tot;jtj

"
data
trig2;p
2
t
"
MC
trig2;p
2
t
;
where "
data
trig2;p
2
t
and "
MC
trig2;p
2
t
are the orresponding eÆienies of the level 2 trigger in bins
of p
2
t
determined from data and MC.
The total eÆieny "
tot
does not ontain the forward lassiation. The forward las-
siation is taken into aount in the fator f
ed
, whih is derived in the next setion.
trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 155:0 170:0 185:0 205:0 205:0 235:0 255:0 280:0
max:W
p
[ GeV℄ 155:0 170:0 185:0 205:0 235:0 235:0 255:0 280:0 305:0
"
basi
0:515 0:691 0:779 0:691 0:513 0:295 0:444 0:525 0:518
0:003 0:004 0:004 0:004 0:003 0:003 0:005 0:004 0:005
"
angle
0:917 0:966 0:856 0:773 0:695 0:994 0:994 0:922 0:778
0:003 0:002 0:003 0:004 0:004 0:001 0:001 0:003 0:005
"
energy
0:609 0:766 0:822 0:818 0:786 0:894 0:912 0:930 0:974
0:005 0:004 0:004 0:004 0:005 0:004 0:004 0:003 0:002
"
mis
0:933 0:917 0:920 0:927 0:924 0:900 0:908 0:916 0:914
0:003 0:003 0:003 0:003 0:003 0:004 0:004 0:004 0:004
"
mass
0:959 0:955 0:956 0:968 0:971 0:928 0:940 0:952 0:957
0:003 0:002 0:002 0:002 0:002 0:004 0:004 0:003 0:003
"
sel
0:258 0:447 0:483 0:392 0:252 0:219 0:344 0:393 0:343
0:003 0:004 0:004 0:004 0:003 0:003 0:004 0:004 0:004
"
BST
                    0:739 0:723 0:669 0:608
0:006 0:007 0:007 0:008
"
trig1
0:873 0:837 0:783 0:743 0:706 1:000 1:000 1:000 1:000
0:004 0:004 0:005 0:005 0:006 0:000 0:000 0:000 0:000
"
trig2
0:975 0:884 0:933 0:889 0:837 0:996 0:993 0:982 0:971
0:002 0:029 0:013 0:013 0:016 0:001 0:002 0:002 0:003
"
trig4
1:000 1:000 1:000 1:000 1:000 1:000 1:000 1:000 1:000
0:000 0:000 0:000 0:000 0:000 0:000 0:000 0:000 0:000
"
tot
0:219 0:331 0:353 0:259 0:149 0:161 0:247 0:258 0:203
0:003 0:034 0:015 0:014 0:014 0:003 0:004 0:004 0:004
Table 8.7: The eÆienies of the seletion riteria for the trak-luster and luster-luster
seletion are listed in theW
p
binning. The seletion riteria are applied in the same ordering
as in the table. "
trig4
= 1, sine all the previous uts are already strong enough.
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trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 205:0
max:W
p
[ GeV℄ 235:0 305:0
min: p
2
t
[GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
"
basi
0:618 0:614 0:620 0:604 0:631 0:433 0:438 0:425 0:407 0:381
0:003 0:004 0:003 0:004 0:006 0:004 0:005 0:004 0:005 0:008
"
angle
0:855 0:852 0:851 0:832 0:795 0:914 0:917 0:923 0:936 0:937
0:003 0:003 0:003 0:004 0:006 0:003 0:004 0:003 0:004 0:006
"
energy
0:822 0:785 0:759 0:716 0:630 0:943 0:944 0:933 0:907 0:878
0:003 0:004 0:004 0:005 0:008 0:003 0:003 0:003 0:004 0:009
"
mis
0:944 0:940 0:931 0:902 0:826 0:926 0:920 0:907 0:901 0:840
0:002 0:003 0:003 0:004 0:008 0:003 0:004 0:004 0:005 0:010
"
mass
0:979 0:970 0:958 0:941 0:921 0:946 0:949 0:945 0:937 0:938
0:001 0:002 0:002 0:003 0:006 0:003 0:004 0:003 0:004 0:007
"
sel
0:401 0:375 0:358 0:305 0:241 0:327 0:332 0:314 0:292 0:248
0:003 0:004 0:003 0:003 0:005 0:004 0:004 0:004 0:004 0:007
"
BST
                    0:682 0:697 0:691 0:680 0:665
0:007 0:008 0:007 0:008 0:015
"
trig1
0:798 0:795 0:791 0:767 0:794 1:000 1:000 1:000 1:000 0:999
0:004 0:005 0:004 0:006 0:010 0:000 0:000 0:000 0:000 0:001
"
trig2
0:908 0:911 0:922 0:849 0:867 0:996 0:993 0:986 0:973 0:955
0:013 0:018 0:014 0:022 0:026 0:001 0:002 0:002 0:003 0:008
"
trig4
1:000 1:000 1:000 1:000 0:999 1:000 1:000 1:000 1:000 0:998
0:000 0:000 0:000 0:000 0:001 0:000 0:000 0:000 0:000 0:002
"
tot;p
2
t
0:291 0:271 0:261 0:199 0:166 0:222 0:230 0:214 0:193 0:158
0:015 0:019 0:015 0:026 0:029 0:003 0:004 0:003 0:004 0:006
"
tot;jtj
0:281 0:267 0:251 0:198 0:167 0:226 0:225 0:210 0:186 0:149
0:014 0:019 0:015 0:026 0:030 0:003 0:004 0:003 0:004 0:006
Table 8.8: The eÆienies of the seletion riteria for the trak-luster and luster-luster
seletion are listed in the p
2
t
binning. The seletion riteria are applied in the same ordering
as in the table. "
trig4
= 1, sine all the previous uts are already strong enough.
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8.5 Determination of the Number of proton-elasti
Events
The aim of this analysis is measurement of the proton-elasti J= photoprodution.
After appliation of all seletion riteria from hapter 7 the sample ontains events
from proton-elasti and low mass proton-dissoiative J= photoprodution.
The information of the forward detetors is used to lassify events as fwd.-untagged and
fwd.-tagged as desribed in setion 7.5. Aording to the MC the fwd.-untagged sampe
is dominated by proton-elasti events. The fwd. lassiation gives the possibility to
determine the number of events produed in the proton-elasti proess. For this purpose
MC events from proton-elasti and proton-dissoiative J= photoprodution are used.
Two methods are desribed in the following.
The rst method is the so alled MC method. It relies on the mixture of proton-elasti
and proton-dissoiative events in the MC sample. In [84, 104, 105℄ it is shown, that the
proton-elasti and proton-dissoiative MC ontributions an be mixed taking the same
number of generated events for eah sample, if the dierent p
2
t
ut (see setion 7.3.3)
for the fwd.-untagged and fwd.-tagged events is applied.
The total number of fwd.-untagged events N
notag
is the sum of proton-elasti fwd.-
untagged events N
pelas
notag
and proton-dissoiative fwd.-untagged events N
pdiss
notag
. With the
ratio "
pelas!notag
:= N
pelas
notag
=N
pelas
of the proton-elasti fwd.-untagged events to the
total number of proton-elasti events the following expression for the total number of
proton-elasti events is obtained:
N
pelas
=
N
pelas
N
pelas
notag
N
pelas
notag
=
1
"
pelas!notag
N
pelas
notag
=
1
"
pelas!notag

N
pelas
notag
N
notag
N
notag
=
1
"
pelas!notag

N
pelas
notag
N
pelas
notag
+N
pdiss
notag
| {z }
=:f
MC
ed
:=f
ed
N
notag
The fator f
MC
ed
is determined from MC. Applying it to data the number of proton-
elasti produed events is determined from the number of fwd.-untagged events:
N
pelas
data
= f
MC
ed
N
notag
data
:
The drawbak of the MC method is, that it relies on the mixture of proton-elasti
and proton-dissoiative produed MC being orret. The matrix unfolding method
overomes this drawbak.
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In the matrix unfolding method the following four eÆienies of the lassiation
as fwd.-untagged and fwd.-tagged are determined from proton-elasti and proton-
dissoiative J= photoprodution MC: "
pelas!notag
, "
pelas!tag
, "
pdiss!notag
, "
pdiss!tag
.
These eÆienies onnet the number of proton-elasti N
pelas
and proton-dissoiative
N
pdiss
events with the number of fwd.-untagged N
notag
and fwd.-tagged N
tag
events by
the following equation:

N
notag
N
tag

=

"
pelas!notag
"
pdiss!notag
"
pelas!tag
"
pdiss!tag



N
pelas
N
pdiss

: (8.9)
Matrix inversion leads to
N
pelas
=
1
"
pelas!notag
1
1 
"
pdiss!notag
"
pelas!tag
"
pelas!notag
"
pdiss!tag

1 
"
pdiss!notag
"
pdiss!tag
N
tag
N
notag

| {z }
=:f
matr
ed
N
notag
: (8.10)
The fator f
matr
ed
has omponents derived from MC | the eÆienies | and the om-
ponents measured in data | the number of fwd.-untagged N
notag
and fwd.-tagged N
tag
events.
The drawbak of the matrix unfolding method are the numerial instabilities due to
the matrix inversion and the utuations due to the measured number of events N
notag
and N
tag
.
The values for f
MC
ed
and f
matr
ed
are listed in table 8.9 and table 8.10 for the W
p
binning
and the p
2
t
binning respetively. The two methods agree within the statistial error of
the number of events N
notag
. The MC method is numerially more stable and therefore
used for the ross setion alulation (f
ed
:= f
MC
ed
). The matrix unfolding method is
used to estimate the systemati unertainty of the determination of the number of
proton-elasti events.
8.6 Unfolding of p
2
t
! jtj
For the measurement of the dierential ross setion
d
dt
the number of proton-elasti
events in bins of jtj is neessary. Experimentally the kinemati variable jtj is diretly
not aessible. Using the approximation jtj  p
2
t
(see equation 1.14) the number of
proton-elasti events in bins of p
2
t
is determined. The approximation is not preise
enough due to detetor eets and there is signiant migration between the bins (see
setion 6.3 and setion 8.2.2). In order to determine the number of events in bins of
jtj from the number of events in bins of p
2
t
an unfolding method is used.
In gure 8.9 themigration or unfolding matriesM
MC
(jtj ! p
2
t
) for the trak-luster and
luster-luster samples are shown. The 5 5 matries orrespond to the (5 jtjbins)
(5 p
2
t
bins) and are lled with the generated jtj and reonstruted p
2
t
values of MC
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trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 155:0 170:0 185:0 205:0 205:0 235:0 255:0 280:0
max:W
p
[ GeV℄ 155:0 170:0 185:0 205:0 235:0 235:0 255:0 280:0 305:0
N
notag
318:6 341:2 340:5 309:6 275:9 216:6 221:0 244:9 176:4
21:4 22:5 23:1 21:4 21:3 16:6 16:2 18:2 17:4
N
tag
169:2 205:5 218:4 197:2 146:1 135:3 135:3 155:3 101:3
15:7 16:9 16:5 16:8 15:3 12:5 12:4 14:1 12:5
"
pelas!notag
0:913 0:898 0:903 0:899 0:905 0:906 0:895 0:902 0:888
0:004 0:004 0:004 0:005 0:005 0:005 0:006 0:005 0:007
"
pelas!tag
0:087 0:102 0:097 0:101 0:095 0:094 0:105 0:098 0:112
0:004 0:004 0:004 0:005 0:005 0:005 0:006 0:005 0:007
"
pdiss!notag
0:204 0:196 0:184 0:184 0:188 0:175 0:161 0:172 0:186
0:007 0:006 0:006 0:007 0:008 0:008 0:008 0:007 0:009
"
pdiss!tag
0:796 0:804 0:816 0:816 0:812 0:825 0:839 0:828 0:814
0:007 0:006 0:006 0:007 0:008 0:008 0:008 0:007 0:009
f
MC
ed
0:962 0:967 0:952 0:954 0:947 0:965 0:981 0:963 0:954
0:007 0:007 0:007 0:008 0:009 0:008 0:009 0:008 0:011
f
matr
ed
0:969 0:978 0:969 0:975 0:993 0:978 1:009 0:983 1:005
0:018 0:019 0:018 0:019 0:019 0:019 0:018 0:020 0:025
N
pelas
306:5 329:8 324:2 295:4 261:3 209:1 216:9 236:0 168:3
20:7 21:9 22:1 20:6 20:3 16:1 16:0 17:7 16:7
Table 8.9: The number of events N
notag
and N
tag
, the eÆienies for the matrix unfolding
method and the fators f
MC
ed
and f
matr
ed
for the W
p
binning are shown. The number of events
N
pelas
is alulated with the MC method.
trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 205:0
max:W
p
[ GeV℄ 235:0 305:0
min: p
2
t
[GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
N
notag
478:1 333:1 427:7 237:5 93:6 277:4 172:4 240:5 124:6 47:4
29:4 21:4 24:2 18:7 12:0 20:9 14:9 17:0 13:0 8:1
N
tag
109:5 107:0 147:0 168:9 186:1 63:8 56:1 83:1 100:7 107:2
13:6 12:3 14:9 15:5 15:8 9:1 8:5 10:5 12:1 12:1
"
pelas!notag
0:929 0:932 0:915 0:852 0:786 0:929 0:925 0:905 0:854 0:772
0:003 0:004 0:004 0:006 0:011 0:004 0:005 0:005 0:008 0:017
"
pelas!tag
0:071 0:068 0:085 0:148 0:214 0:071 0:075 0:095 0:146 0:228
0:003 0:004 0:004 0:006 0:011 0:004 0:005 0:005 0:008 0:017
"
pdiss!notag
0:238 0:231 0:220 0:211 0:188 0:221 0:219 0:200 0:174 0:163
0:009 0:010 0:007 0:006 0:006 0:012 0:013 0:009 0:008 0:008
"
pdiss!tag
0:762 0:769 0:780 0:789 0:812 0:779 0:781 0:800 0:826 0:837
0:009 0:010 0:007 0:006 0:006 0:012 0:013 0:009 0:008 0:008
f
MC
ed
0:995 0:978 0:968 0:930 0:756 0:995 0:989 0:978 0:957 0:746
0:005 0:006 0:006 0:010 0:019 0:007 0:008 0:008 0:013 0:027
f
matr
ed
1:024 0:991 1:013 0:994 0:723 1:028 1:004 1:037 1:003 0:748
0:012 0:014 0:014 0:029 0:104 0:013 0:019 0:015 0:038 0:150
N
pelas
p
2
t
475:6 325:6 413:8 220:9 70:8 275:9 170:5 235:3 119:3 35:3
29:3 21:0 23:5 17:6 9:2 20:8 14:8 16:8 12:6 6:2
Table 8.10: The number of events N
notag
and N
tag
, the eÆienies for the matrix unfolding
method and the fators f
MC
ed
and f
matr
ed
for the p
2
t
binning are shown. The number of events
N
pelas
p
2
t
is alulated with the MC method.
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Figure 8.9: The migra-
tion or unfolding matries
for the trak-luster and
luster-luster samples are
shown. Eah box of a ma-
trix ontains the number of
proton-elasti J= events,
whih are generated in the
orresponding generated jtj
and reonstruted p
2
t
bin.
For the binning refer to
setion 8.2.2.
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events from proton-elasti J= photoprodution. Eah element of the matrix ontains
the number of events in the orresponding (jtj; p
2
t
) bin.
Let
~
N
p
2
t
be the 'vetor'
5
of the measured numbers of events in data for the bins of p
2
t
and let
~
N
jtj
be the 'vetor' of the numbers of events in bins of jtj. The unfolding matrix
M
MC
(jtj ! p
2
t
) onnets these two 'vetors' in the following way
~
N
p
2
t
=
1
N
M
MC
(jtj ! p
2
t
) 
~
N
jtj
:
Sine the unfolding matrix is lled with numbers of events the normalisation N is
needed. In a simplied view the unfolding of the number of events in bins of p
2
t
to
the number of events in bins of jtj an be treated as the appliation of the inverted
unfolding matrix M
 1
MC
(jtj ! p
2
t
) to the previous equation:
~
N
jtj
= N M
 1
MC
(jtj ! p
2
t
) 
~
N
p
2
t
:
The matrix inversion piture is only a simple piture for the unfolding. The matrix
inversion is numerially instable or impossible in the ase of singularities. Therefore
the matrix inversion is not used in this analysis.
As a numerially stable method the Bayes unfolding [115, 116℄ is used. This method
relies on the Bayes' theorem. The 'vetor'
~
N
jtj
is alulated in an iterative proedure. In
addition the Bayes' unfolding determines the statistial error of
~
N
jtj
from the statistial
errors of the 'vetor'
~
N
p
2
t
and the unfolding matrix M
MC
(jtj ! p
2
t
). Correlations of the
errors are taken into aount.
In table 8.11 the values of the number of events in the p
2
t
and jtj binning are listed.
These values are shown in gure 8.10. It is expeted, that the migration between bins
results in a shift of events from lower to higher bins due to the exponential behaviour
of the distribution. The unfolding method reverses this shift. This is learly visible in
gure 8.10.
trak-luster luster-luster
min:W
p
[GeV℄ 135:0 205:0
max:W
p
[GeV℄ 235:0 305:0
min: p
2
t
[GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
N
pelas
p
2
t
475:6 325:6 413:8 220:9 70:8 275:9 170:5 235:3 119:3 35:3
29:3 21:0 23:5 17:6 9:2 20:8 14:8 16:8 12:6 6:2
N
pelas
jtj
499:3 378:0 388:0 189:9 51:6 287:7 220:3 202:4 97:4 28:6
26:0 15:8 17:4 11:6 5:4 18:5 10:8 11:1 7:5 3:9
Table 8.11: The number of events before (in bins of p
2
t
) and after (in bins of jtj) unfolding
are shown for the trak-luster and luster-luster sample.
5
The 'vetors' of numbers of events are no physis vetors with their transformation features.
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Figure 8.10: The number
of events before (in bins of
p
2
t
) and after (in bins of
jtj) unfolding are shown for
the trak-luster and lus-
ter-luster sample.
8.7 Systemati Errors
In this setion the determination of the systemati unertainties of the measurement
of the ross setion (W
p
) and the dierential ross setion
d
dt
is desribed. The total
systemati error is derived by the quadrati summation of the systemati unertain-
ties of the individual soures. An overview over the soures, the resulting systemati
unertainties and the total systemati error is given in table 8.12.
The rst three systemati unertainties arise from values whih are diretly used to
alulate the ross setion (see equation 8.1). The systemati unertainty for the
ross setion arises from the unertainty of the values. The branhing ratio for the
deay J= ! e
+
e
 
is B = (5:93 0:10)% [110℄, whih results in a relative systemati
unertainty of 1:7%. The orretion fator for the ontamination from  (2S) deays
is f
TC
 (2S)
= 0:012  0:005 and f
CC
 (2S)
= 0:005 0:005 for the trak-luster and luster-
luster sample respetively [99℄, whih gives an unertainty of 0:5%. The alulation
of the luminosity is desribed in setion 8.1 and the values for the unertainty for
the dierent running periods are listed in table 8.1. For the total unertainty of the
luminosity measurement ÆL
tot
= 1:5% is taken.
The following systemati unertainties are the onsequene of systemati unertainties
of measured angles and energies of the J= deay eletron andidates. The eet on
the ross setion measurement is studied by variation of the MC reonstrution. The
dierent variations are presented in the following.
The systemati unertainty of the energy sale for SpaCal lusters has a linear
behaviour from 2:7% at 3GeV to 0:3% at 27:5GeV [117℄. The variation of the energy
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soure Æ(W
p
)
syst
=(W
p
) [%℄ Æ
d
dt
syst
=
d
dt
[%℄
trak-luster luster-luster trak-luster luster-luster
branhing ratio B 1.7 1.7 1.7 1.7
 (2S) bakground 0.5 0.5 0.5 0.5
luminosity 1.5 1.5 1.5 1.5
luster energy 0.4 ! 6.8 5.1, 2.6 !4.5 2.0 ! 12. 4.0 ! 9.5
luster  up | 2.8 ! 1.3 | 1.2
trak energy 0.5 | 0.5 |
trak reonstrution 2.0 | 2.0 |
z
vtx
reweighting 2.6 ! 0.5 8.5, 2.0 1.5 2.0
BST oherent loss | 3.0 | 3.0
BST trak nding | 1.5 | 1.5
trigger level 1 5.0 1.0 5.0 1.0
trigger level 2 4.0 5.0 4.0 5.0
peak t funtion 0.8 0.8 0.8 0.8
bakground subtration 3.3 ! 6.6 3.1 ! 6.1 8.5 ! 3.7 6.8 ! 5.2
pelas. orretion 4.2 ! 6.0 5.6 5.7 ! 6.8 5.3 ! 7.1
total syst. error 9.7 ! 13.3 13.5, 10.1 !11.9 12.7, 10.7 ! 16.0 11.8 ! 14.7
Table 8.12: The soures for systemati unertainties and their eet on the measurement of
the ross setion (W
p
) and the dierential ross setion
d
dt
are listed. For bin dependent
unertainties expliit values are given for some bins, otherwise the trend ("!") for the or-
responding binning is shown. The single unertainties are added in quadature to obtain the
total relative systemati error.
8.7 Systemati Errors 139
of SpaCal lusters aording to this unertainty leads to the values listed in table 8.12.
The determination of the polar angle  of SpaCal lusters has a systemati un-
ertainty of 0:3 mrad  0:02
Æ
[117℄. The variation of the luster polar angle  towards
higher values leads to the unertainties in table 8.12 for the luster-luster sample.
The main eet arises from the variation of the luster with large polar angle . The
variation of the polar angle of the luster in the trak-luster sample has a negligible
eet on the ross setion alulation.
The systemati unertainty of the energy sale in the LAr alorimeter is 0:7% for the
polar angle range of the trak-luster sample [118℄. The orresponding variation of the
trak energy leads to hange in the ross setion measurement of 0:5%.
The unertainty on the measurement of the polar angle  of the entral trak is
3 mrad, 2 mrad and 1 mrad  0:06
Æ
for the following regions  < 120
Æ
, 120
Æ
<  < 135
Æ
and 135
Æ
<  [118℄. Variations by these values result in a hange of the ross setion
measurement of less than 0:2% and are therefore negleted.
The unertainty on the trak reonstrution eÆieny is 2% [68℄. The distribution
of the position of the vertex z
vtx
has to be adjusted in MC in order to desribe the
distribution in data (see setion 6.4.4). The eet on the ross setion alulation is
determined using adjusted and non-adjusted MC. The systemati unertainty is listed
in table 8.12.
The eet of the oherent loss in the BST has several auses and is desribed in
setion 6.2.3.5. A systemati unertainty of 3% is applied for the ross setion for the
luster-luster sample [96℄.
The systemati eets of the BST trak nding is studied by variation of the ut
value of the trak probability (see setion 6.2.1) for the luster-luster sample. The
standard ut value is 1%. For the variation the values 0:2% and 5% are used. The
systemati unertainty on the ross setion amounts to 1:5%.
The systemati unertainty of the trigger level 1 has been analysed in [68℄ for the
level 1 subtrigger S40 and a level 1 subtrigger, whih is similar to the S33. The
systemati unertainties are 1% and 5% respetively.
The eÆieny of the level 2 neural network trigger for the trak-luster sample
an be obtained from data or MC simulation (see setion 6.1 and setion 8.4). The
eÆieny for the ross setion alulation is determined from data, while the eÆieny
determined from MC is used to estimate the systemati unertainty to 4%. For the
luster-luster sample the eÆieny of the L2NN is determined from MC, beause it
annot be determined from data sine no independent L1ST exist (see setion 7.4).
Although L1ST validated by other L2 onditions are not suited for the determination
of the eÆieny of the L2NN, these L1ST are used to estimate the eÆieny of the
L2NN from data. A systemati unertainty for the luster-luster sample of  5% is
obtained.
For the signal extration (see setion 8.3) there are two soures of systemati uner-
tainties onsidered. The shape of the peak t funtion leads to an unertainty of less
than 0:8%. This is studied by omparing the integral over the peak t funtion and the
number of events in MC distributions. The seond eet arises from the bakground
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subtration. The error of the t parameter for the bakground normalisation is taken
into aount in the determination of the signal events. In table 8.12 the orresponding
systemati unertainties are shown.
The proton-elasti orretion is the determination of the number of proton-elasti
events from the number of events lassied as fwd.-untagged and fwd.-tagged. In
setion 8.5 two methods are desribed: the MC method and the matrix unfolding
method. For the ross setion alulation the MCmethod is used. The matrix unfolding
method is used to estimate the systemati unertainty of the method determining the
number of proton-elasti events. The unertainty of the method ranges from  1:5%
to  5:9%. An additional soure of unertainty is the dierene of the desription of
the forward detetors in MC to the data (see setion 6.4.3) whih amounts to  4%.
The two ontributions are added in quadrature and the results are listed in table 8.12.
No additional systemati unertainty due to the unfolding p
2
t
! jtj is applied sine
the Bayes' unfolding takes into aount the statistial errors of the unfolding matrix.
Chapter 9
Results
The elasti J= photoprodution ross setion (W
p
) (see setion 9.1) and the dif-
ferential ross setion
d
dt
(see setion 9.2) are presented in the range of large W
p
:
135GeV < W
p
< 305GeV.
The results are ompared with previous measurements. The extension in phase spae
and the improvement in preision are desribed.
The eetive pomeron trajetory (see setion 9.2.2) is studied by ombining the results
at large W
p
of this analysis with the results at 40GeV < W
p
< 160GeV of the
analysis in [99℄.
The results are disussed in setion 9.3.
9.1 Cross Setion (W
p
)
The elasti J= photoprodution ross setion (W
p
) is measured as a funtion of
the photon-proton entre of mass energy W
p
. The ross setion is determined in ve
and four bins of W
p
for the trak-luster and luster-luster sample respetively. The
results and the inputs for the ross setion extration (see equation 8.1) are listed in
table 9.1. Figure 9.1 shows the ross setion (W
p
) as a funtion of W
p
. The inner
error bars orrespond to the statistial errors and the outer error bars orrespond to
the total errors, whih are the statistial and systemati errors added in quadrature.
In gure 9.2 the results of this analysis are ompared with previously published results
of H1 [14℄
1
, ZEUS [119℄ and the xed target experiments E516 [120℄ and E401 [121℄.
The results of the reent trak-trak analysis [99℄
2
using H1 data are also shown.
For the high W
p
range the results of this analysis, the published H1 results for the
trak-luster and luster-luster topology and the published ZEUS results for the deay
J= ! e
+
e
 
are shown in gure 9.3.
1
The published results of H1 [14℄ for the deay J= ! e
+
e
 
were alulated with a wrong branhing
ratio. The results are orreted aordingly and labeled "H1 J= ! e
+
e
 
(BR orr.)".
2
The results of the reent trak-trak analysis [99℄ using H1 data are labeled as "J= ! 
+

 
trak-trak (PF)".
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trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 155:0 170:0 185:0 205:0 205:0 235:0 255:0 280:0
max:W
p
[ GeV℄ 155:0 170:0 185:0 205:0 235:0 235:0 255:0 280:0 305:0
hW
p
i [ GeV℄ 144:9 162:5 177:3 194:8 219:6 219:6 244:8 267:2 292:3
N
notag
318:6 341:2 340:5 309:6 275:9 216:6 221:0 244:9 176:4
21:4 22:5 23:1 21:4 21:3 16:6 16:2 18:2 17:4
f
ed
0:962 0:967 0:952 0:954 0:947 0:965 0:981 0:963 0:954
0:007 0:007 0:007 0:008 0:009 0:008 0:009 0:008 0:011
f
 (2S)
[%℄ 1:2 0:5
F

=10
 2
0:885 0:545 0:464 0:517 0:607 0:607 0:320 0:329 0:267
B [%℄ 5:93 5:93
L [pb
 1
℄ 30:26 26:90
"
tot
0:219 0:331 0:353 0:259 0:149 0:161 0:247 0:258 0:203
0:003 0:034 0:015 0:014 0:014 0:003 0:004 0:004 0:004
(W
p
) [ nb℄ 87:0 100:7 109:0 121:5 159:4 133:4 171:5 173:3 193:7
Æ(W
p
)
stat
[ nb℄ 5:8 6:6 7:4 8:4 12:3 10:2 12:6 12:9 19:1
Æ(W
p
)
syst
[ nb℄ 8:4 9:8 10:8 13:0 21:2 18:0 17:3 18:2 23:0
Æ(W
p
)
tot
[ nb℄ 10:3 11:8 13:1 15:5 24:5 20:7 21:4 22:3 29:9
Table 9.1: The values of the elasti J= photoprodution ross setion (W
p
), the statistial
error Æ(W
p
)
stat
, the systemati error Æ(W
p
)
syst
and the total error Æ(W
p
)
tot
are listed.
Equation 8.1 is used to alulate the ross setion in bins of W
p
for the trak-luster and
luster-luster sample. The input quantities for equation 8.1 are given in the table. For a
desription refer to hapter 8.
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Figure 9.1: The elasti J= photoprodution ross setion (W
p
) as a funtion of W
p
is
shown for the trak-luster and luster-luster samples. The inner error bars orrespond to the
statistial error and the outer error bars to the total error. A t of the form (W
p
) /W
p
Æ
is applied. The t is desribed in setion 9.1.1.
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The data used for the published H1 results were taken with an energy of the proton
beam of 820GeV, while the data for this analysis were taken with an energy of the
proton beam of 920GeV. This results in a higher entre of mass energy (see equa-
tion 1.1) and thus in higher aessible photon-proton entre-of-mass energy W
p
(see
setion 1.4). The kinemati limit for W
p
hanges from  300GeV to  318GeV.
The published results for the trak-luster and luster-luster topology have a reah
in W
p
of 210GeV and of 285GeV respetively. This results in "the highest position"
of the measurement at hW
p
i = 197:1GeV and hW
p
i = 272:4GeV respetively. This
analysis extends the W
p
ranges for the trak-luster and luster-luster topology to
235GeV and 305GeV respetively, whih results in extrated values up to hW
p
i =
219:6GeV and hW
p
i = 292:3GeV. The extension of the kinemati range for the trak-
luster topology allows a ommon bin with the luster-luster sample. The extension
of the kinemati range for the luster-luster topology provides a measurement in a
new kinemati region.
The data analysed in the H1 publiation [14℄ orrespond to an integrated luminosity of
20:5 pb
 1
and 10:0 pb
 1
for the trak-luster and luster-luster topologies respetively.
This analysis uses data orresponding to an integrated luminosity of 30:26 pb
 1
and
26:90 pb
 1
for the trak-luster and luster-luster samples respetively. The statistis
in the trak-luster sample is inreased with respet to the previous measurement even
more than the inrease of the integrated luminosity by the usage of an eÆient neural-
network on trigger level 2. For the luster-luster sample the BST onsists additional
4 planes with respet to the previous analysis and thus provides higher eÆieny and
angular aeptane.
The data used for the published ZEUS results are taken in the running periods 1999 and
2000 with an energy of the proton beam of 920GeV. The results reah up to 290GeV
in the photon-proton entre-of-mass energy W
p
, whih results in measurements up to
hW
p
i  275GeV.
The larger range in W
p
of this analysis ompared to the published ZEUS data is due
to the speial detetors | BST and SpaCal | whih allow a preise measurement
of the polar angle  and the energy of the J= deay eletron andidates in the very
bakward region of the H1 detetor.
The inreased statistis allows to inrease the number of bins with respet to the
published H1 result from 3 to 5 and 4 for the trak-luster and luster-luster sample
respetively. The statistial errors per bin are redued to  80% and  65% of the
errors of the published H1 results for the trak-luster and luster-luster sample. The
systemati errors are redued to  60% of errors of previous measurement per bin for
both samples.
9.1.1 W
p
Dependene of (W
p
)
In gure 9.1 a t of the form (W
p
) / W
p
Æ
is applied to the data. The t funtion
is motivated by Regge theory (see equation 1.48). Using the parameters from the
Donnahie-Landsho t (see equation 1.50) Æ is predited to be Æ = 4  "  0:32.
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Figure 9.2: The elasti J= photoprodution ross setion (W
p
) as a funtion of W
p
is
shown. The inner error bars show the statistial errors, while the outer error bars show the
total errors. The results of this analysis for the trak-luster and luster-luster samples are
ompared to published results from H1 [14℄ for the trak-luster and luster-luster topology.
The results of the reent "J= ! 
+

 
trak-trak (PF)" analysis [99℄ are shown instead of
the published H1 trak-trak results [14℄. The published results of ZEUS [119℄ and the xed
target experiments E516 [120℄ and E401 [121℄ are shown. A zoomed view of the high W
p
region is shown in gure 9.3.
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Figure 9.3: The elasti J= photoprodution ross setion (W
p
) as a funtion of W
p
is
shown. The inner error bars show the statistial errors, while the outer error bars show the
total errors. The results of this analysis for the trak-luster and luster-luster samples are
ompared to the published results from H1 [14℄ for the orresponding topologies. The lower
and higher three points of the published H1 result are of trak-luster and luster-luster
topology respetively. Compared to the published data the number of bins and the phase
spae are extended, while the errors are redued. A ommon bin of the trak-luster and
luster-luster samples exists in this analysis. The published results of ZEUS [119℄ for the
deay J= ! e
+
e
 
in the high W
p
region are also shown.
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The t in gure 9.1 to the data from the trak-luster (TC) and luster-luster (CC)
samples yields
Æ
TC;CC
(135GeV < W
p
< 305GeV) = 1:17 0:11 0:16 ; (9.1)
where the rst error is the statistial and the seond error is the systemati error. The
statistial error is the t error, if the t is applied to the data with the statistial error
of the data only. Applying the t to the data with the total error of the data yields
the total error of Æ. The systemati error is obtained by quadrati subtration.
In order to extend the range in W
p
the results of this analysis are ombined with
published H1 results at lowW
p
[14℄ and reent trak-trak results for the intermediate
W
p
range [99℄. Both analyses use the deay J= ! 
+

 
. For the intermediate W
p
range both deay muons are deteted by traks in the entral region | trak-trak (TT)
analysis. For the low W
p
measurement information of the forward muon detetor is
used.
The t (W
p
) / W
p
Æ
to the ombined data yields
Æ := Æ
TT;TC;CC
(26GeV < W
p
< 305GeV) = 0:76 0:03 0:04 : (9.2)
The values of Æ
TC;CC
and Æ
TT;TC;CC
are in good agreement with the published values of
H1 [14℄ and ZEUS [119℄ and the reent trak-trak (TT) analysis using H1 data [99℄:
Æ
H1
(26GeV < W
p
< 285GeV) = 0:84 0:07 ; (9.3)
Æ
ZEUS
(30GeV < W
p
< 290GeV) = 0:69 0:02 0:03 ; (9.4)
Æ
TT
(40GeV < W
p
< 160GeV) = 0:71 0:04 0:07 ; (9.5)
where the rst errors are the statistial and the seond are the systemati errors. For
Æ
H1
the total error is given.
The strongly rising ross setion (W
p
) / W
p
Æ
leads to large values of Æ  0:7 whih
are inompatible with the value of Æ  0:3 predited for single pomeron exhange.
9.1.2 Two Pomeron Fit
In order to desribe the steep rise of the ross setion Donnahie and Landsho intro-
dued the hard pomeron (see setion 1.6.3). The interept 
0
HP
and slope 
0
HP
of the
trajetory of the hard pomeron are determined using HERA data [19℄.
In gure 9.5 the two pomeron t is applied to the trak-luster and luster-luster
results of this analysis, the low W
p
result of [14℄ and the trak-trak results of [99℄.
In the t the amplitudes of the two pomeron trajetories are free parameters. The
relative ontributions of the hard and soft pomeron and the interferene term are
listed in table 9.2. The relative ontribution of the hard pomeron rises with risingW
p
,
while the relative ontribution of the soft pomeron dereases with rising W
p
. The
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Figure 9.4: The elasti J= photoprodution ross setion (W
p
) as a funtion of W
p
is
shown. The inner error bars orrespond to the statistial error and the outer error bars to
the total error. In addition to the results for the trak-luster and luster-luster samples the
results from the low W
p
analysis [14℄ and the trak-trak analysis [99℄ are shown. A t of
the form (W
p
) /W
p
Æ
is applied to the data of the full W
p
range.
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t desribes the HERA data well, while it overshoots the results of the xed target
experiments E516 [120℄ and E401 [121℄ at low W
p
.
Inluding the results of the xed target experiments into the t, the two pomeron
t does not desribe the data (see gure 9.5). At high W
p
the t is xed by the
trak-luster and luster-luster results of this analysis, while at low W
p
it is pulled
to lower ross setion values by the results of the xed target experiments. Thus the
t undershoots the results of the trak-trak analysis in the intermediate W
p
region.
The two pomeron t to this ombined data set is not able to desribe the data. This
is a new result ompared to [14℄, where the two pomeron t desribed very well the
xed target results and the previous HERA results (see gure 1.9).
W
p
hard : soft : inter
30GeV 0:05 : 0:64 : 0:31
150GeV 0:23 : 0:31 : 0:46
200GeV 0:28 : 0:26 : 0:46
250GeV 0:33 : 0:22 : 0:45
290GeV 0:36 : 0:20 : 0:45
Table 9.2: The relative ontributions of the hard
and soft pomeron and the interferene term in the two
pomeron t (see gure 9.5) for dierent values of W
p
.
The relative errors of the ontributions are of the or-
der of 5   7%. For omparison the published values
of H1 [14℄ are: 0:1 : 0:5 : 0:4 at W
p
= 30GeV and
0:5 : 0:1 : 0:4 at W
p
= 250GeV.
9.1.3 Shape Analysis of (W
p
)
A harateristi feature of the two pomeron model is the "onave" shape of the ross
setion (W
p
) in the double logarithmi presentation. The QCD preditions have
dierent shape depending on the gluon densities.
In order to study the urvature a polynomial of seond order in the double logarithmi
presentation is hosen as the basis for the following t funtion
ln((W
p
)=(W
p;0
)) = P1 + P2  ln(W
p
=W
p;0
) + P3  (ln(W
p
=W
p;0
))
2
(9.6)
) (W
p
) / W
p
P2+P3ln(W
p
=W
p;0
)
; (9.7)
where P1, P2 and P3 are the free parameters of the t. The parameter P3 orresponds
to the urvature of the t funtion in the double logarithmi presentation.
In gure 9.6 and 9.7 the t funtion of equation 9.7 is applied to the following data
sets of (W
p
):
a) "new H1 data", i.e. the results of this analysis for the trak-luster and luster-
luster sample and the trak-trak results of [99℄;
b) "HERA data", i.e. a) and the published H1 low W
p
result [14℄ and the published
results from ZEUS [119℄;
) "all data", i.e. b) and the results from the xed target experiments E516 [120℄ and
E401 [121℄.
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Figure 9.5: The elasti J= photoprodution ross setion (W
p
) is shown as a funtion
of W
p
. The inner error bars orrespond to the statistial error and the outer error bars to
the total error. In the upper gure the two pomeron t [19℄ is applied to the trak-luster
and luster-luster results of this analyis, the low W
p
result of [14℄, the trak-trak results
of [99℄. For the t only the statistial errors are taken into aount. The solid line shows
the result of the t, while the dotted and dashed lines orrespond to the ontribution of the
soft and hard pomeron respetively. The dashed-dotted line shows the interferene term of
the two trajetories. The relative ontributions are listed in table 9.2. In the lower plot the
results from the xed target experiments E516 [120℄ and E401 [121℄ are inluded in the t.
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The ts to the dierent data sets yield the urvature parameters
a) P3 = 0:12 0:05 0:08 ; (9.8)
b) P3 = 0:01 0:02 0:03 ; (9.9)
) P3 =  0:07 0:02 0:02 : (9.10)
Within the errors the value of the urvature parameter for a) and b) are onsistent with
zero. Considering the size of the relative errors no distint sign of urvature is favoured.
While the t to the data set ) leads to a negative urvature whih is  2:5 standard
deviation dierent from zero. A negative urvature disfavours the two pomeron model.
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Figure 9.6: The elasti J= photoprodution ross setion (W
p
) is shown as a funtion of
W
p
. The inner error bars orrespond to the statistial error and the outer error bars to the
total error. A t of the form in equation 9.7 is applied to dierent data sets in order to study
the urvature in the double logarithmi presentation. The t parameter P3 orresponds to the
urvature of the t. The data sets ontain the results of the trak-luster and luster-luster
sample of this analysis, the trak-trak results of [99℄, the published H1 low W
p
result [14℄,
the published results of ZEUS [119℄. A t to a data set inluding also the results of the xed
target experiments E516 [120℄ and E401 [121℄ is shown in gure 9.7.
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Figure 9.7: The elasti J= photoprodution ross setion (W
p
) is shown as a funtion of
W
p
. The inner error bars orrespond to the statistial error and the outer error bars to the
total error. A t of the form in equation 9.7 is applied to dierent data sets in order to study
the urvature in the double logarithmi presentation. The t parameter P3 orresponds to
the urvature of the t. A t to the results of the trak-luster and luster-luster sample
of this analysis, the trak-trak results of [99℄, the published H1 low W
p
result [14℄, the
published results of ZEUS [119℄ and the xed target experiments E516 [120℄ and E401 [121℄
is shown in gure 9.7. Fits to two other data sets are shown in gure 9.6
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9.1.4 Comparison with QCD Preditions
The QCD preditions are based on the alulations of FMS [10℄ and MRT [122℄ us-
ing dierent gluon densities. The gluon densities are determined in an indiret form
e.g. from the saling violation of the proton struture funtion F
2
(x;Q
2
) in inlusive
measurements, where the gluon density enters the ross setion linearly.
The QCD preditions for theW
p
dependene of (W
p
) are diretly based on the gluon
densities. Sine the gluon density g(x
g
;
~
Q
2
) enters quadratially in the ross setion in
equation 1.68 the omparison of the QCD preditions to the data is a good test for the
used gluon densities.
The FMS alulation uses the gluon density from CTEQ4L [123℄, while the MRT
alulations use the gluon densities from CTEQ5M [124℄, CTEQ6M [125℄, MRST99
[126℄, MRST02 [127℄, H1QCD [117℄, H1PDF2000 [118℄ and ZEUS-S [128℄. The absolute
magnitude of the preditions depend on a number of parameters | like the mass of
the harm quark | and on non-perturbative eets. The ross setion in equation 1.65
is / m
 8

 C(Q
2
), where m

is the mass of the harm quark and C(Q
2
) is determined
from the vetor meson wave funtion. Both ontribute to the large unertainty in the
normalisation of the predition. Therefore only the W
p
dependene of the preditions
is ompared to the data, while the normalisation is a free t parameter.
In gure 9.8 several QCD preditions are ompared to the trak-luster and luster-
luster results of this analysis, the trak-trak results of [99℄ and the low W
p
result of
[14℄. The results of the xed target experiments are not inluded in the omparison
sine these QCD preditions do not reah these low energies.
The QCD preditions for the W
p
dependene of (W
p
) depend strongly on the dif-
ferent gluon densities, sine the gluon density g(x
g
;
~
Q
2
) enters quadratially in the
ross setion in equation 1.68. The dierent shapes for the ross setion (W
p
) (see
gure 9.8) are due to the dierent shapes of the gluon densities.
The t results inluding the t probability for the dierent preditions are listed in
table 9.3. The preditions based on the gluon densities from MRST02, H1QCD and
H1PDF2000 predit a shape whih is inompatible with the data. The alulations
MRT(CTEQ6M) and FMS(CTEQ4L) predit a too shallow and too steep rise respe-
tively. The predition based on MRST99 gives a better desription, than the predi-
tion based on the more reent gluon density from MRST02. The alulations based on
CTEQ5M and ZEUS-S give the best desription of the measured ross setion.
9.2 Dierential Cross Setion
d
dt
The dierential elasti J= photoprodution ross setion
d
dt
is measured as a funtion
of jtj in the range 0GeV
2
= 
2
< jtj < 1:2GeV
2
= 
2
. The jtj-range is divided into ve
bins as explained in setion 8.2.2.
d
dt
is measured separately for the trak-luster
and luster-luster samples in the range of the photon-proton entre-of-mass energy
135GeV < W
p
< 235GeV and 205GeV < W
p
< 305GeV respetively.
9.2 Dierential Cross Setion
d
dt
153
0
25
50
75
100
125
150
175
200
225
250
0 50 100 150 200 250 300
FMS (CTEQ4L, λ=4)
MRT (CTEQ5M)
MRT (CTEQ6M)
MRT (ZEUS-S)
MRT (MRST99)
MRT (MRST02)
MRT (H1QCD)
MRT (H1PDF2000)
H1      J/ψ → µ +µ -
J/ψ → µ +µ - track-track (PF)
J/ψ → e +e - cluster-cluster (this analysis)
J/ψ → e +e - track-cluster (this analysis)
Wγp [GeV]
σ
(W
γp
) [
n
b]
Figure 9.8: The elasti J= photoprodution ross setion (W
p
) as a funtion of W
p
is shown. The inner error bars show the statistial errors, while the outer error bars show
the total errors. The trak-luster and luster-luster results of this analyis, the low W
p
result of [14℄ and the trak-trak results of [99℄ are shown. The data are ompared to two
QCD alulations using dierent parameterisations of the gluon density in the proton. The
FMS [10℄ alulation uses the gluon density from CTEQ4L [123℄. MRT [122℄ alulations are
shown for the gluon densities from CTEQ5M [124℄, CTEQ6M [125℄, MRST99 [126℄, MRST02
[127℄, H1QCD [117℄, H1PDF2000 [118℄ and ZEUS-S [128℄. The shape of the preditions based
on MRST02, H1QCD and H1PDF2000 do not agree with the data. The other preditions
are tted to the data using the normalisation as free parameter. The t results are listed
in table 9.3. The MRT(CTEQ6M) predition has a bulge at W
p
 150GeV. In order to
verfy the bulge for this W
p
range the stepsize in W
p
for the alulations was redued by T.
Teubner. The bulge is a result of the used gluon density.
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normalisation 
2
ndf 
2
=ndf prob.
FMS (CTEQ4L,  = 4) 0:89 0:01 0:02 26:21 18 1:46 0:095
MRT (CTEQ5M) 0:91 0:01 0:02 15:05 18 0:84 0:659
MRT (CTEQ6M) 2:09 0:03 0:05 22:08 18 1:23 0:228
MRT (MRST99) 1:24 0:02 0:03 22:33 18 1:24 0:218
MRT (MRST02) 3:00                
MRT (H1QCD) 0:96                
MRT (H1PDF2000) 3:26                
MRT (ZEUS-S) 1:41 0:02 0:03 11:56 18 0:64 0:869
Table 9.3: QCD preditions are tted to the ross setion (W
p
) (see gure 9.8 and the
desription there). The normalisation is the free paramter in the t. From the 
2
and the
number of degrees of freedom the probability for the t is alulated. For MRT(MRST02),
MRT(H1QCD) and MRT(H1PDF2000) no t is performed, sine their shapes do not agree
with the data. The normalisation for these preditions is determined in [129℄ from the Q
2
dependene of the ross setion.
For the alulation of the dierential ross setion
d
dt
equation 8.1 is used and the
result is divided by the bin width of the jtj-bin. The result of the unfolding proedure
in setion 8.6 are the numbers of proton-elasti events N
pelas
jtj
in bins of jtj. Therefore
no further f
ed
-orretion is needed. The inputs for the alulation and the results for
the dierential ross setion are listed in table 9.4.
The jtj dependene of the dierential ross setion
d
dt
is disussed in setion 9.2.1. The
measurements of the dierential ross setion
d
dt
are used to determine the parameters
of an "eetive" pomeron trajetory in setion 9.2.2.
9.2.1 t Dependene of
d
dt
In gure 9.9 the dierential ross setion
d
dt
as a funtion of jtj is shown for the trak-
luster and luster-luster samples. A t of the form
d
dt
(t) / e
 bjtj
is applied. The t
funtion is motivated by equation 1.45. Due to the exponential behaviour of the data
and the large bin width an iterative tting proedure is neessary in order to determine
the positions t
pos
within the jtj-bins. The proedure is desribed in setion 8.2.2.
Equation 8.5 is used to alulate the positions t
pos
(see table 9.4). For the b-slope of
the trak-luster and luster-luster samples the t yields
b
TC
(135GeV < W
p
< 235GeV) = (5:1 0:3 0:2)GeV
 2

2
; (9.11)
b
CC
(205GeV < W
p
< 305GeV) = (5:4 0:4 0:2)GeV
 2

2
; (9.12)
where the rst error is the error of the t, while the seond error is the systemati error.
The systemati error is derived from the t stability. This is studied by exluding
the rst or last jtj bin from the t. The trak-luster and luster-luster samples
orrespond to an average photon proton entre of mass energy of hW
p
i = 180:6GeV
and hW
p
i = 250:8GeV respetively.
9.2 Dierential Cross Setion
d
dt
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trak-luster luster-luster
min:W
p
[ GeV℄ 135:0 205:0
max:W
p
[ GeV℄ 235:0 305:0
hW
p
i [ GeV℄ 180:6 250:7
min: p
2
t
[ GeV
2
= 
2
℄ 0:000 0:070 0:140 0:300 0:600 0:000 0:070 0:140 0:300 0:600
max: p
2
t
[ GeV
2
= 
2
℄ 0:070 0:140 0:300 0:600 1:200 0:070 0:140 0:300 0:600 1:200
N
pelas
jtj
499:3 378:0 388:0 189:9 51:6 287:7 220:3 202:4 97:4 28:6
26:0 15:8 17:4 11:6 5:4 18:5 10:8 11:1 7:5 3:9
f
 (2S)
[%℄ 1:2 0:5
F

=10
 2
3:016 1:522
B [%℄ 5:93 5:93
L [pb
 1
℄ 30:26 26:90
"
tot;jtj
0:281 0:267 0:251 0:198 0:167 0:226 0:225 0:210 0:186 0:149
0:014 0:019 0:015 0:026 0:030 0:003 0:004 0:003 0:004 0:006
d
dt
[ nb 
2
GeV
 2
℄ 462:6 369:6 176:1 58:3 9:4 743:7 572:9 246:5 71:6 13:1
Æ
d
dt
stat
[ nb 
2
GeV
 2
℄ 24:1 15:5 7:9 3:6 1:0 47:7 28:1 13:5 5:5 1:8
Æ
d
dt
syst
[ nb 
2
GeV
 2
℄ 58:8 39:5 21:5 7:7 1:5 87:8 75:1 31:8 9:8 1:9
Æ
d
dt
tot
[ nb 
2
GeV
 2
℄ 63:5 42:5 22:9 8:5 1:8 99:9 80:2 34:5 11:3 2:6
t
pos
[ GeV
2
= 
2
℄ 0:034 0:104 0:215 0:431 0:829 0:034 0:104 0:214 0:430 0:825
b-slope [GeV
 2

2
℄ 5:059 0:289 5:408 0:356
Table 9.4: The values of the dierential elasti ross setion
d
dt
as a funtion of jtj, the
statistial error Æ
d
dt
stat
, the systemati error Æ
d
dt
syst
and the total error Æ
d
dt
tot
are listed for
the trak-luster and luster-luster samples. The ross setion is alulated in bins of jtj using
equation 8.1 and dividing by the width of the jtj bin. The result of the unfolding proedure
in setion 8.6 are the numbers of proton-elasti events N
pelas
jtj
in bins of jtj. Therefore no
further f
ed
-orretion is needed. The input quantities for equation 8.1 are given in the table.
For a desription refer to hapter 8. In an iterative proedure an exponential t of the form
d
dt
(t) / e
 bjtj
is applied and the positions t
pos
within the jtj-bins (see equation 8.5) and the
slope b are derived.
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Figure 9.9: The dierential ross setion
d
dt
of the elasti J= photoprodution as a funtion
of jtj is shown for the trak-luster and luster-luster samples. An exponential t of the form
d
dt
(t) / e
 bjtj
is applied.
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There exist no published H1 results for the b-slope for the kinemati range in W
p
of
the trak-luster and luster-luster samples. ZEUS has published the following results
[119℄ for the orresponding W
p
range:
b
ZEUS
(125GeV < W
p
< 170GeV) = (4:30 0:19
+0:31
 0:17
)GeV
 2

2
; (9.13)
b
ZEUS
(170GeV < W
p
< 230GeV) = (4:65 0:20
+0:28
 0:21
)GeV
 2

2
; (9.14)
b
ZEUS
(230GeV < W
p
< 290GeV) = (4:05 0:38
+0:33
 0:25
)GeV
 2

2
: (9.15)
The results for the b-slope of this analysis for the trak-luster and luster-luster
samples, the results of the H1 trak-trak analysis [99℄ and the ZEUS publiation
[119℄ are shown in gure 9.10 as a funtion of W
p
. The published ZEUS values are
generally lower than the H1 results. The results of this analysis agree very well with
an extrapolation of the H1 trak-trak analysis (see gure 9.11).
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Figure 9.10: The values of the b-slope of the jtj dependene of the dierential ross setion
d
dt
as a funtion of W
p
are shown. The results of this analysis for the trak-luster and the
luster-luster samples, the results of the trak-trak analysis [99℄ and the ZEUS publiation
[119℄ are presented. The b values are plotted at the mean values hW
p
i of the orresponding
W
p
bins.
9.2.2 Eetive Pomeron Trajetory
The W
p
dependene of the ross setion (W
p
) is not desribed by single pomeron
exhange (see setion 9.1.1). In order to desribe the ross setion (W
p
) for the
HERA data (see setion 9.1.2) a seond, hard pomeron was introdued.
Although two pomerons are needed to desribe the W
p
dependene of (W
p
), only
one, "eetive" trajetory (t) = 
0
+ 
0
 t is used for the analysis of the dierential
ross setion
d
dt
. This trajetory orresponds to an eetive pomeron.
9.2 Dierential Cross Setion
d
dt
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From the W
p
dependene of the b-slope of the dierential ross setion the slope 
0
of
the eetive pomeron trajetory is derived in setion 9.2.2.1.
The W
p
dependene of
d
dt
in bins of jtj is used to determine the interept 
0
and the
slope 
0
(see setion 9.2.2.2).
9.2.2.1 Determination of the Slope of the Eetive Pomeron Trajetory
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Figure 9.11: The values of the slope b of the t dependene of the dierential ross setion
d
dt
as a funtion ofW
p
are plotted at the mean values hW
p
i of eahW
p
bin. The results of this
analysis for the trak-luster and luster-luster samples and the results of the trak-trak
analysis [99℄ are shown. The inner error bars show the statistial error, while the outer error
bars show the total error. A t b(W
p
) = b(90GeV) + 4
0
ln(W
p
=90GeV) is applied.
In gure 9.11 the b-slope as a funtion ofW
p
is shown for the trak-luster and luster-
luster samples. The results of the trak-trak analysis [99℄ are also shown. A t of
the form
b(W
p
) = b(90GeV) + 4
0
b
ln(W
p
=90GeV) (9.16)
is performed using the ombined data. The t funtion is motivated by equation 1.47.

0
is the slope of the eetive pomeron trajetory (see equation 1.35). The t to the
ombined b-slope results of the trak-trak, trak-luster and luster-luster analysis
| overing the W
p
range of 40GeV < W
p
< 305GeV | yields
b(90GeV)
TT;TC;CC
= (4:65 0:06 0:01)GeV
 2

2
; (9.17)

0
b
:= 
0
TT;TC;CC
= (0:17 0:04 0:01)GeV
 2

2
; (9.18)
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where the rst error is the t error taking only the statistial errors of the data into
aount, while the seond error is the systemati error alulated by quadrati subtra-
tion from the total t error taking the total error of the data into aount. The results
of the trak-trak analysis alone [99℄ and the published ZEUS analysis [119℄ are
b(90GeV)
TT
= (4:648 0:067 0:040)GeV
 2

2
; (9.19)

0
TT
= (0:172 0:045 0:026)GeV
 2

2
; (9.20)
b(90GeV)
ZEUS
= (4:15 0:05
+0:30
 0:18
)GeV
 2

2
; (9.21)

0
ZEUS
= (0:116 0:026
+0:010
 0:025
)GeV
 2

2
; (9.22)
The trak-trak analysis [99℄ uses data from 40GeV < W
p
< 160GeV, while the
ZEUS analysis [119℄ overs 30GeV < W
p
< 290GeV.
With the results of the trak-luster and luster-luster analyses the determination of
the slope 
0
of the eetive pomeron trajetory using H1 data is extended into the
kinemati region of W
p
beyond 160GeV and up to 305GeV.
The merit of the method of determining 
0
from the W
p
dependene of the b-slope is,
that the relative normalisation of the dierential ross setions
d
dt
of the dierent data
samples is irrelevant sine only the b-slope values are used.
The investigation of the b-slope of the dierential ross setion
d
dt
as a funtion of W
p
allows to determine the slope 
0
of the eetive pomeron trajetory only. It gives no
handle for the determination of the interept 
0
of the eetive pomeron trajetory.
Both, 
0
and 
0
an be determined from the W
p
dependene of the dierential ross
setion
d
dt
for dierent values of xed jtj. This method is desribed in the next setion.
9.2.2.2 Eetive Pomeron Trajetory
In this setion the interept 
0
and the slope 
0
of the eetive pomeron trajetory are
derived from the W
p
dependene of the dierential ross setion
d
dt
for dierent values
of xed jtj. From the equations 1.35, 1.45 and 1.47 it follows for the dierential ross
setion
d
dt
as a funtion of W
p
for xed jtj
d
dt
(W
p
)
jtjxed
/ e
 b(W
p
)jtj
W
p
4"
/ W
p
4(
0
+
0
t 1)
 e
 (b
0
 4
0
lnW
p
0
)jtj
| {z }
=onst:
/ W
p
4((jtj) 1)
jtjxed
: (9.23)
In gure 9.12 the dierential ross setion
d
dt
is shown as a funtion of W
p
for ve
values of hjtji. The values hjtji are the positions t
pos
determined in the exponential t
9.2 Dierential Cross Setion
d
dt
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to
d
dt
(see table 9.4). The results for the trak-luster and luster-luster samples are
shown. In order to extend the range in W
p
also the results of the trak-trak analysis
[99℄ are inluded
3
.
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Figure 9.12: The dierential elasti photoprodution ross setion
d
dt
as a funtion of W
p
is measured in ve bins in jtj (see setion 8.2.2). The values hjtji within the bins are listed.
The inner error bars of the data orrespond to the statistial error and the outer error bars
to the total error. A t of the form
d
dt
/ W
p
4((jtj) 1)
is applied to the ve data sets. The
t results are listed in table 9.5.
hjtji[ GeV
2
= 
2
℄ (hjtji)
0:03 1:19 0:01 0:02
0:10 1:23 0:01 0:02
0:22 1:19 0:01 0:02
0:43 1:11 0:01 0:02
0:83 1:11 0:02 0:02
Table 9.5: The values of the eetive
pomeron trajetory (hjtji) for the elasti
J= photoprodution for dierent values of
hjtji. The values are obtained from the ts
in gure 9.12. The statistial and systemati
error are listed.
Fits of the form of equation 9.23 are applied to the ve data sets, orresponding to
the ve values of hjtji. The ts an be aeted by the relative normalisation of the
dierential ross setion values of this analysis and the trak-trak analysis [99℄. There-
fore the relative normalisation is studied and the relative normalisation is found to be
3
The analysis [99℄ overs the range 0GeV
2
= 
2
< jtj < 1:2GeV
2
= 
2
with eight bins in jtj. As
explained in setion 8.2.2 the p
2
t
binning of this analysis is adjusted to the bin boundaries of [99℄, but
the highest three bins ontain two bins of the bins of [99℄ eah. Therefore the results of [99℄ for
d
dt
were realulated for the atual binning of this analysis by Philipp Fleishmann, in order to be able
to ombine the results.
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Figure 9.13: The eetive pomeron trajetory (jtj) is shown. The values are taken from ta-
ble 9.5. The inner error bars orrespond to the statistial error and the outer error bars
to the total error. A t of the form (jtj) = 
0
  
0
jtj is applied to the data. The
trajetories of the hard pomeron 
HP
(t) = 1:42 + 0:10GeV
 2

2
 t and the soft pomeron

IP
(t) = 1:08 + 0:25GeV
 2

2
 t are shown.
ompatible with 1 within the errors. The ts yield values of (hjtji), whih are listed
in table 9.5. The t results (hjtji) as a funtion of jtj are shown in gure 9.13. A t of
the form (jtj) = 
0
  
0
jtj (see equation 1.35) is applied and yields for the interept

0
and the slope 
0
of the eetive pomeron trajetory

0
:= 
0;TT;TC;CC
= 1:21 0:01 0:01 ; (9.24)

0
:= 
0
TT;TC;CC
= (0:14 0:03 0:03)GeV
 2

2
: (9.25)
In gure 9.14 the values of (t) of the H1 [14℄ and ZEUS [119℄ publiations are inluded.
The H1 publiation [14℄ uses data from the deay J= ! 
+

 
of the running periods
1996 and 1997 in the kinemati range 40GeV < W
p
< 150GeV and 0GeV
2
= 
2
<
jtj < 1:2GeV
2
= 
2
. The published values of H1 for the interept and the slope of the
eetive pomeron trajetory are

0;H1
= 1:27 0:05 ; (9.26)

0
H1
= (0:08 0:17)GeV
 2

2
: (9.27)
With respet to previous the H1 results this analysis extends the kinemati range in
W
p
from 150GeV to 305GeV.
The ZEUS publiation [119℄ uses a ombined data set of the deay J= ! e
+
e
 
of the
running period 1999 and 2000 and the deay J= ! 
+

 
of the running periods 1996
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Figure 9.14: The eetive pomeron trajetory (jtj) for the elasti J= photoprodution is
shown. The results of this analysis and the published results of H1 [14℄ and ZEUS [119℄ are
shown. The inner error bars orrespond to the statistial error and the outer error bars to
the total error.
and 1997. The eletron hannel overs the kinemati range 35GeV < W
p
< 290GeV
and 0 < jtj < 1:25GeV
2
= 
2
, while the muon hannel overs the kinemati range
30GeV < W
p
< 170GeV and 0 < jtj < 1:8GeV
2
= 
2
. The published values of ZEUS
for the interept and the slope of the eetive pomeron trajetory are

0;ZEUS
= 1:200 0:009
+0:004
 0:010
; (9.28)

0
ZEUS
= (0:115 0:018
+0:008
 0:015
)GeV
 2

2
; (9.29)
where the rst errors are the statistial errors and the seond errors are the systemati
errors.
The results for the interept 
0
and the slope 
0
of the eetive pomeron trajetory
of this analysis and the published values of H1 and ZEUS agree very well within the
errors. Compared to the published H1 results the errors of the results of this analysis
| using the ombined results from the trak-luster and luster samples of this analysis
and from the trak-trak analysis [99℄ | are redued by more than a fator 3.
9.3 Disussion
The W
p
dependene of the elasti J= photoprodution ross setion (W
p
) follows
a power law W
p
Æ
with Æ
TC;CC
= 1:17  0:11  0:16 for the high W
p
region and
Æ = 0:76 0:03 0:04 for the full W
p
range aessible to H1. This strong rise of the
ross setion exludes the single, soft pomeron exhange whih would lead to Æ  0:32
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The two pomeron model desribes (W
p
) as a funtion of W
p
for the H1 data, but
overshoots signiantly the low W
p
results of the xed target experiments E516 [120℄
and E401 [121℄. A two pomeron t to the ombined data set of the xed target and
H1 data is inompatible with the data.
The two pomeron model predits a onave shape of the ross setion (W
p
) in the
double logarithmi presentation. The t over the full W
p
range to the ombined data
set of the xed target experiments and the HERA data suggest a negative urvature
with  2:5 standard deviations from zero (P3 =  0:07  0:02  0:02), i.e. a onvex
shape of (W
p
) in the double logarithmi presentation. A negative urvature as found
here disfavours the two pomeron model.
This analysis extends the measurement of the dierential ross setion
d
dt
using H1
data in the region of the highest W
p
. For the trak-luster and luster-luster samples
the following b-slope parameters are determined: b
TC
(hW
p
i = 180:6GeV) = (5:1 
0:3 0:2)GeV
 2

2
, b
CC
(hW
p
i = 250:7GeV) = (5:4 0:4 0:2)GeV
 2

2
.
The measurement of the dierential ross setion
d
dt
gives aess to the parameters of
an eetive pomeron trajetory in two ways. The t dependene of the dierential ross
setion
d
dt
(t) / e
 bjtj
yields a slope parameter b for dierent values of W
p
. From the
W
p
dependene of b in the full kinemati range of the H1 data the slope of the eetive
pomeron trajetory is obtained: 
0
b
= (0:17 0:04 0:01)GeV
 2

2
. This method has
the advantage, that the relative normalisation of dierent data sets for the dierent
regions in W
p
are irrelevant, sine only the slope of the ross setion is measured.
However, this method gives aess only to one of the two parameters of the eetive
pomeron trajetory.
The W
p
dependene of the dierential ross setion
d
dt
in bins of jtj enables deter-
mination of the interept 
0
= 1:21  0:01  0:01 and the slope 
0
= (0:14  0:03 
0:03)GeV
 2

2
of the eetive pomeron trajetory.
The interept 
0
and the slope 
0
of the eetive pomeron trajetory lie between
the orresponding values for the hard 
HP
(t) = 1:42 + 0:10GeV
 2

2
 t and the soft

IP
(t) = 1:08 + 0:25GeV
 2

2
 t pomeron (see setion 1.6.3). The slope 
0
of the
eetive pomeron trajetory diers from zero by more than four standard deviations
and by three and one standard deviations from the slope values of the soft and hard
pomeron respetively.
The result for the slope 
0
agrees very well with the result 
0
b
determined from the
b-slope analysis of the dierential ross setion
d
dt
.
For both measurements of 
0
the value is more than three standard deviations dierent
from zero, whih onrms the eet of shrinkage. This is a new result ompared to the
published H1 result 
0
H1
= (0:08  0:17)GeV
 2

2
, where the slope is onsistent with
zero.
QCD makes no predition about shrinkage. The two pomeron model predits almost no
shrinkage, although both slope parameters of the hard and soft pomeron are dierent
from zero. Both measurements for the slope parameter 
0
give a signiantly larger
value than the slope of the hard pomeron.
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Taking into aount the measured values of the b-slope b
TC
and b
CC
the average over jtj
of the eetive pomeron trajetory (t) = 
0
+ 
0
 t amounts to h(t)  1i
jtj
 0:182,
whih leads to Æ

= 4  h(t)   1i
jtj
 0:729. The alulated value for Æ

agrees very
well with the result Æ of the ts to the ross setion (W
p
).
The QCD preditions for theW
p
dependene of the ross setion (W
p
) show a strong
dependene on the gluon densities used, sine the gluon densities enter quadratially
in the ross setion. Therefore the omparison of the predited W
p
dependene is a
sensitive test for the gluon densities, whih are determined in inlusive measurements,
where the gluon density is measured indiretly e.g. via saling violations of the pro-
ton struture funtion F
2
(x;Q
2
). The preditions based on the gluon densities from
MRST02, H1QCD and H1PDF2000 are inompatible with the measured ross setion
(W
p
), while the preditions based on CTEQ6M and CTEQ4L predit a too shallow
and too steep rise of the ross setion (W
p
) respetively. The preditions based on
CTEQ5M and ZEUS-S agree with the data.
Summary
In this thesis the elasti J= photoprodution at high photon-proton entre-of-mass
energies W
p
was studied. The J= was identied through its deay into an e
+
e
 
pair.
Depending onW
p
the deay eletrons enter dierent regions in the H1 detetor and are
registered either in the entral detetor part ("trak") or in the bakward alorimeter
("luster"). This analysis onentrated on the trak-luster and luster-luster samples
where the data were limited in statistis in previous analysis.
The trak-luster and luster-luster samples orrespond to the kinemati range 135GeV
< W
p
< 235GeV and 205GeV < W
p
< 305GeV, respetively. The experimental
signature of photoprodution events is the absene of the sattered beam eletron in
the main detetor, whih orresponds to the kinemati range Q
2
< 1GeV
2
= 
2
. The
data is seleted with a transverse momentum p
2
t
< 1:2GeV
2
= 
2
of the J= , whih
orresponds to the kinemati range jtj  1:2GeV
2
= 
2
.
The data for the trak-luster and luster-luster samples have been olleted with the
H1 detetor at the ep-ollider HERA during the years 1999 and 2000 resulting in an
integrated luminosity of 30:26 pb
 1
and 26:90 pb
 1
for the analysed data, respetively.
High eÆieny in the online event seletion during data taking was ahieved by the
use of the level 2 neural network trigger. For the trak-luster seletion a feed forward
neural network was used for the rst time. For the luster-luster seletion a parallel
algorithm was used exploiting the bak-to-bak topology of the J= deay eletrons.
The trigger eÆieny was determined from data and MC simulation.
For luster-luster events the bakward silion traker (BST) is the only soure for trak
and vertex information. Only this information in ombination with the preise energy
measurement in the SpaCal allows the reonstrution of the J= mass with suÆient
preision. With the upgrade the BST provides hit information from eight planes.
Based on the hit information a new trak nding algorithm was developed. The MC
simulation of the BST detetor and the trak nding was studied and adjusted to data
on dierent levels, starting from the BST hit information up to the eÆieny of the
trak nding.
The nal seleted event samples are still ontaminated by bakground events. The
main bakground ontributions arise from the eletron-pair-prodution and the QED-
Compton proess, varying with W
p
. The ontributions are studied with MC simula-
tions.
The signal extration uses the distribution of the invariant mass of the two J= deay
eletron andidates in the nal seleted event samples. The dierent shape of the signal
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and of the bakground ontributions for the trak-luster and luster-luster samples
are taken into aount in a multi step t proedure. In the t proedure the bakground
is subtrated and the number of signal events is determined.
The number of elasti J= andidates has been derived using two dierent methods.
The rst method uses events without ativity in the forward region of the detetor only
and orrets for remaining proton dissoiation. The seond method uses in addition a
data sample with ativity in the forward region in the detetor and p
2
t
< 5:0GeV
2
= 
2
.
It uses an unfolding tehnique to derive the number of elasti J= andidates. While
the rst method is numerially stable and it relies more on MC, the seond method
is based on data but is numerially instable due to neessary matrix inversions. The
results of both methods agree well within the statistial errors.
For the measurement of the dierential ross setion
d
dt
the number of proton-elasti
events in bins of jtj is neessary. Experimentally the events are observed in bins of
p
2
t
of the J= meson and the kinemati variable jtj is diretly not aessible. Beause
of detetor eets there is signiant migration between bins and the approximation
jtj  p
2
t
annot be used. In order to determine the number of events in bins of jtj from
the number of events in bins of p
2
t
an unfolding method is used.
The elasti J= photoprodution ross setion (W
p
) was measured almost up to
the kinemati limit and extends therefore the kinemati range of H1 measurements
to W
p
= 305GeV. Due to the higher integrated luminosity and the eÆient event
seletion during the data taking the statistis is inreased ompared to previous mea-
surements by a fator of 2 to 3. This allows an inrease in the number of bins and an
additional redution of the statistial and systemati errors.
The W
p
dependene of the elasti J= photoprodution ross setion (W
p
) follows
a power law W
p
Æ
with Æ
TC;CC
= 1:17  0:11  0:16 for the high W
p
region and
Æ = 0:76 0:03 0:04 for the full W
p
range aessible to H1. This strong rise of the
ross setion exludes the single, soft pomeron exhange.
The two pomeron model is not able to desribe the ombined results of xed target
experiments and H1, although it desribes the results of H1 alone. The two pomeron
model predits a "onave" shape of (W
p
) in the double logarithmi presentation.
While a t to the ombined results of xed target data, H1 and ZEUS leads to a
"onvex" shape, i.e. a negative urvature, whih is  2:5 standard deviations dierent
from zero.
This analysis provides rst measurements of the dierential ross setion
d
dt
using
H1 data up to the highest values of W
p
. The jtj dependene of
d
dt
is desribed
by
d
dt
/ e
 bjtj
. From the trak-luster and luster-luster samples the following
slope parameters are derived: b
TC
(hW
p
i = 180:6GeV) = (5:1  0:3  0:2)GeV
 2

2
,
b
CC
(hW
p
i = 250:8GeV) = (5:4 0:4 0:2)GeV
 2

2
.
The measurement of the dierential ross setion
d
dt
gives aess to the parameters
of an eetive pomeron trajetory in two ways. The t dependene of the dierential
ross setion
d
dt
(t) / e
 bjtj
yields slope parameter b for dierent values of W
p
. From
the W
p
dependene of b the slope of the eetive pomeron trajetory is obtained as

0
b
= (0:17 0:04 0:01)GeV
 2

2
. This method has the advantage, that the relative
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normalisation of dierent data sets for the dierent regions in W
p
are irrelevant, sine
only the slope of the ross setion is measured. However, this method gives aess only
to one of the two parameters of the eetive pomeron trajetory.
The W
p
dependene of the dierential ross setion
d
dt
in bins of jtj enables deter-
mination of the interept 
0
= 1:21  0:01  0:01 and the slope 
0
= (0:14  0:03 
0:03)GeV
 2

2
of the eetive pomeron trajetory. The two determined slope param-
eters 
0
b
and 
0
are ompatible within errors.
The measured values of the interept 
0
and 
0
slope of the eetive pomeron trajetory
lie between the values for the hard and soft pomeron. The measured values for the
slope 
0
are more than three standard deviations dierent from zero, whih onrms the
eet of shrinkage. This is in mild ontradition to the two pomeron model predition,
whih predits almost no shrinkage.
Predition from QCD were ompared to the ross setion (W
p
). TheW
p
dependene
of the preditions is a diret onsequene of the used gluon densities, whih makes the
omparison a sensitive test for the gluon densities, whih are determined in indiret
way from inlusive measurements. While some of these analyses result in gluon distri-
butions onsistent with the J= measurements presented here, others an denitely be
exluded. For future QCD analyses the exlusive prodution of J= mesons is therefore
a very sensitive tool to diretly aess the gluon distribution in the nuleon.
Appendix A
Signal Extration
This appendix ontains the full set of gures of the ts used for the signal extration.
For the dierent samples and binnings the ts are shown in the gures listed in the
following table:
sample binning gure
trak-luster fwd.-untagged W
p
binning A.1
trak-luster fwd.-tagged W
p
binning A.2
luster-luster fwd.-untagged W
p
binning A.3
luster-luster fwd.-tagged W
p
binning A.4
trak-luster fwd.-untagged p
2
t
binning A.5
trak-luster fwd.-tagged p
2
t
binning A.6
luster-luster fwd.-untagged p
2
t
binning A.7
luster-luster fwd.-tagged p
2
t
binning A.8
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Figure A.1: The signal extration ts for the fwd.-untagged trak-luster sample are shown
in bins of W
p
.
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Figure A.2: The signal extration ts for the fwd.-tagged trak-luster sample are shown in
bins of W
p
.
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Figure A.3: The signal extration ts for the fwd.-untagged luster-luster sample are shown
in bins of W
p
.
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Figure A.4: The signal extration ts for the fwd.-tagged luster-luster sample are shown
in bins of W
p
.
172 Appendix A Signal Extration
0
20
40
60
80
100
120
140
160
2 2.25 2.5 2.75 3 3.25 3.5 3.75 4
  16.01    /    18
P1  0.7454  0.4036E-01
P2   27.07   1.664
P3   3.112  0.7187E-02
P4  0.9893E-01   0.000
P5  0.1081   0.000
p2 t bin 1
mee [GeV/c2]
 
ev
en
ts
0
20
40
60
80
100
2 2.25 2.5 2.75 3 3.25 3.5 3.75 4
  17.40    /    17
P1   1.466  0.1988
P2   18.89   1.212
P3   3.088  0.7452E-02
P4  0.9893E-01   0.000
P5  0.1081   0.000
p2 t bin 2
mee [GeV/c2]
 
ev
en
ts
0
20
40
60
80
100
2 2.25 2.5 2.75 3 3.25 3.5 3.75 4
  19.84    /    18
P1   1.940  0.2315
P2   24.24   1.371
P3   3.095  0.7298E-02
P4  0.9893E-01   0.000
P5  0.1081   0.000
p2 t bin 3
mee [GeV/c2]
 
ev
en
ts
0
10
20
30
40
50
60
70
2 2.25 2.5 2.75 3 3.25 3.5 3.75 4
  25.23    /    18
P1   3.730  0.4903
P2   13.46   1.062
P3   3.093  0.9341E-02
P4  0.9893E-01   0.000
P5  0.1081   0.000
p2 t bin 4
mee [GeV/c2]
 
ev
en
ts
0
5
10
15
20
25
30
35
2 2.25 2.5 2.75 3 3.25 3.5 3.75 4
  22.59    /    16
P1   3.916  0.7876
P2   5.311  0.6815
P3   3.079  0.1421E-01
P4  0.9893E-01   0.000
P5  0.1081   0.000
p2 t bin 5
mee [GeV/c2]
 
ev
en
ts
Figure A.5: The signal extration ts for the fwd.-untagged trak-luster sample are shown
in bins of p
2
t
.
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Figure A.6: The signal extration ts for the fwd.-tagged trak-luster sample are shown in
bins of p
2
t
.
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Figure A.7: The signal extration ts for the fwd.-untagged luster-luster sample are shown
in bins of p
2
t
.
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Figure A.8: The signal extration 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hen
Diskussionen uber BST.
Alle ehemaligen und aktuellen Mitglieder der H1-Gruppe am MPI Munhen ermoglihten
ein angenehmes Arbeitsklima und gute Diskussionen uber life, the universe and everything.
Kurzweilig waren die Gesprahe mit Herrn J. Zimmermann uber alle Arten von progressieven
Programmiertehniken. Mein spezieller Dank gilt Frau Dr. A. Dubak fur Motivation und fur
Diskussionen uber tehnishe Herausforderungen bei der Fertigstellung der Analyse.
Der ehemaligen HERA-III Arbeitsgruppe des MPI Munhen danke ih fur ihr groes Interesse
an meiner Physikanalyse und anregenden Fragen aus der Siht von Auenstehenden. Mein
Dank gilt dabei Herrn Dr. R. Galea, Herrn Dr. X. Liu und insbesondere speziell Frau Dr.
Iris Abt.
Die Mitarbeiten des MPI Munhen Frau Marlene Shaber, Herrn Joseph (Sepp) Huber, Herrn
Uwe Leuphold, Dr. Denis Salihagii und Herrn Mihael Vidal haben mih bei der Erstellung
dieser Arbeit in untershiedlihster Weise unterstutzt. Marlene hat in administrativen Dingen
geholfen und immer ein aufbauendes Wort gefunden. Mit Sepp habe ih das Buro wahrend
meiner gesamten MPI-Zeit geteilt | es hatte niemand besseren geben konnen. Fur ihren
unverzuglihen und unermudlihen Einsatz zum Behufe der shnellstmoglihen Losung aller
Probleme, die Rehner und Netzwerk betreen, danke ih Uwe, Denis und Mihael.
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